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Anomalous Voltage Overshoot During 
Turn-Off of Thin-Film n-Chaimel SOI^cbve^ 

MOSFET's DEC 1 9 2007 

E. Dubois, Ohava- O. Shahidi, Member, IEEE, and Michad R. Scheuermann, ^c^M^Ur, IEEE 



jUxtnci—This paper reports an anomalous output voltage 
overshoot observed during the lum-ofF of single storUtoannel 
thin-film silicon-on-insulator (SOI) d-MOSFETT's. iThe parasitic 
floating-base bipolar device, triggered by impact ionization, is 
shown to be responsible Tor this effect Because switching occurs 
over a eubnanosecond time scale, the charge dynamics relaiea to 
the bipolar action are essential to explain this toltage overshoot. 

I. Introduction 

THIN-film fully depleted Sdl technologies have re- 
cently demonstrated very attractive features over their 
bulk silicon counterparts, e.g„ significant speed advantage, 
nearly ideal subthreshold slope, latch-up-free structures, 
and suppression of the kink effect [1]. On the other hand, 
the associated parasitic bipolar effect may still be impor- 
tant. For example, it can be responsible for premature 
breakdown and single device off-state latch-up. Other 
possible implications of the bipolar action have been 
discussed extensively by Choi and Fossum [2], 13], but 
mainly from a static point of view. As far as we know, no 
model of the parasitic bipolar charge dynamics has been 
considered. This paper describes a voltage overshoot or> 
served during tumKjff of a single short-channel thm-film 
SOI n-MOSFET. This effect is related to impact ioniza- 
tion, which causes a large bipolar action. Because switch- 
ing occurs over a subnanosecond time scale, the charge 
dynamics of the parasitic bipolar transistor are essential 
for accurate modeling of the transient output response. 
IL, Experiments 
The measured SOI devices were fabricated on a SIMOX 
wafer using a 0,25-fim CMOS technology. The top gate 
oxide thickness is 7 nm and the buried oxide layer thick- 
ness is 250 nm. The 50-nm-thick silicon film has a uniform 
doping concentration of 10 17 cm" 3 that ensures full de- 
pletion of the body and results in a 0.2-V threshold 
voltage [4], A high-speed experimental setup was used to 
measure the transient delay response. A pulse generator 
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is connected to the gate of the device through a coaxial 
cable (transmission line) and the source is grounded. The 
drain terminal is connected to an oscilloscope through 
another coaxial cable. The supply voltage is applied to the 
drain through a bias tee connected to the transmission 
line. Fig 1 shows the output transient response to a 
falling input step for devices with three different gate 
lengths (OA 0.75, and 1.25 jtm). Both the gate ^signal 
amplitude and the supply voltage V DD are 2.5 The 
transient output signal of the 0.4- M m dev.ee exhibits a 
pronounced voltage overshoot while the 0.75-^m dev.ee is 
less affected. In contrast, the 1.25-jam device remains free 
of any anomalous dynamic effect. This overshoot was not 
observed on SOI p-MOSFETs because the generation of 
electron-hole pairs is weaker when triggered by energetic 
holes. However, it might exist for very short devices. Bulk 
devices were also free of the voltage overshoot. 
III. Modeling 
The intrinsic and extrinsic (pad) capacitances, as well as 
the coaxial cable of characteristic impedance Z 0 - 50 il, 
constitute the load at the drain terminal. When the . HQS 
device is turned off, the corresponding current IM) de- 
creases and, according to transmission line theory [5], the 
voltage at the drain terminal increases to *i*+*o" 
u/„5)l as long as no reflection occurs. The typical input 
signal fall time was 200 ps and the pulse duration was on 
border of 1 ns. These two characteristic umes, smaller 
than the transmission line delays, allow any reflection 
problems to be circumvented. Under these conditions. 
Fig 2 represents the measured t D -V„ charactenst.es of 
the 04-um SOI transistor together with the correspond- 
ing dynamic load line of the coaxial cable. During the 
switching process, the operating point moves from point 
rSeady state before turn-off) to point B as the gate 
voltage drops from 2.5 to 0 V. However, th,s »nterpreta- 
don is hJnsistent with the output waveform of Fig. 1, 
since Fig. 2 predicts a monotonic increase of the drain 
vohage as the gate bias decreases. Circu.t simulations 
3ng the charge dynamics of the MOS trustor 
junction and pad capacitances also failed to reproduce the 
anomalous output voltage overshoot. An examination of 
Fig 2 shows that the final operating point B is located in 
a region of the ! D -V DS characteristic where «£bmchu« 
related to the parasitic, bipolar action, occurs. This, along 
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Fit 2, Measured / D -K 0ff char^ctenstics for the shorter device (I™ 
-0.4 jun). The dynamic load tins due to the transmission line is 
represented. 

with the aforementioned unsuccessful attempts to simu- 
late the overshoot, suggests that the charge dynamics of 
the parasitic bipolar transistor may be unportant- 
Avalanching is related to the floating-base bipolar transis- 
tor action and the positive feedback it implies: holes 
generated by impact ionization lower the potential bamer 
and increase the separation of the quasi-Fermi levels at 
the source-body junction, in the back interface region 
(body-buried-oxide interface). The subsequent base cur- 
rent amplification gives rise to a regenerative enhance- 
ment of impact ionization [2]. This mode of operation 
requires accurate modeling of both the MOS and bipolar 
currents. In order to take into account the fully depleted 
tHin film of the SOI device, the static dram current is 
modeled similarly to [6], with enhancements to account 
for short-channel effects [7], [8]. The parasitic bipolar 
emitter-collector (source-drain) current is described Iby 
the conventional Gummel-Foon relations [9]. The 
body-source junction current characteristic determines 
the floating body-source forward bias V nSl and this cur- 
rent takes both body-source injection and space-charge 
recombination currents into account. The weak impact 
ionization current /„ isself-consistently included as /„ - 
(Af - IX / c „ + / c ) 12], where M is the multiplication 

factor, I C h ^ < he M0S chartnel currcnt * and ! c is the 
collector current. The charge-based 
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model described in [6] was used for the transient opera- 
tion of the MOS transistor. Since bipolar currents become 
more important for higher values of V DS , the charge 
dynamics of the parasitic bipolar structure can be in- 
cluded through the following charge control relations LVJ: 



Q F W BS 



(1) 



(2) 



where J„ is the parasitic base current and C JBS is the 
base-emitter (body-source) diffusion capacitance given 
by 

c -1£l^t f ^l. (3) 



r dv BS 



The junction capacitance charging currents were not con- 
sidered in (1) and (2) but were included in the description 
of the MOS charge dynamics. 

IV. Results and discussion 
The simulated output transient responses are presented 
by the dashed curves in Fig. 1. Good agreement is ob- 
tained for the three relevant device lengths. To demon- 
strate the model utility, Fig. 3(a) and (b) shows a compari- 
son between simulations that neglect or. '"corporate the 
bipolar diffusion capacitance, respectively. The total 
drain-to-source current and its two main components l Ct , 
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and I c are represented. As V GS decreases, the channel 
MOS current is reduced, resulting in an increase of the 
output voltage that gives rise to impact ionization and 
subsequent parasitic bipolar current (J c ). It is clearly 
shown that the voltage overshoot is directly related to the 
total current variations and consequently to the timing 
between I CH and / c . In Fig. 3(a), where the bipolar 
charge dynamics was not considered, the bipolar current 
increase compensates the falling channel current so that 
no pronounced voltage peak is observed. Accounting for 
the diffusion capacitance as in Fig. 3(b), a large part of 
the base current I B is used to accommodate the change in 
the base charge storage C dB$ dV BS /dt during transient. 
The delayed onset of the collector current gives rise tp a 
significant depression in the total current that explains the 
output voltage overshoot. On the other hand, the over- 
shoot sensitivity to the device length exhibited in Fig. 1 
can be explained by the corresponding decrease of the 
parasitic coDector current According to (l)-(3), dynamic 
changes in base charge storage become less important, as 
in the case of the 0,75-/km device, or completely disappear 
for a negligible parasitic bipolar action, as in the case of 
the L25-/im device. Consistent with Fig, 2, it is worth 
noting that the overshoot will disappear for a lower supply 
voltage when the final operating point B is out of the 
avalanche region, as must be the case for practical circuit 
design. 

In summary, a voltage overshoot effect observed during 
SOI n-MOSFET turn-off has been reported and explained 
by considering impact ionization and the subsequent para- 
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sitic bipolar amplification. The inclusion of the bipolar 
Charge dynamics proved to be essential for accurate mod- 
eling of the anomalous output response of the 0.4-Mm 
device. 
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Abstract— The transient operation or partially depleted (PD) 
Sfficon-On-Insulator (SOI) NMOSFET's is inTestigatcd, baifed on 
twdimensional numerical simulations* The studied devices hare 
a gate length or 0.2 v*n and a Boating body. They are designed 
for a supply voltage of 2 V. In the case of gate transient, we 
show that the body voltage is more influenced by the capadtive 
coupling with the gate electrode than the impact ionization 
current Further, we demonstrate, for the first time, that the 
anomalous subthreshold slope, that eidata in « dc static transfer 
1-V curve, doesn't exist in fast transient mode because the 
minimum time constant for body charging by impact ionization 
current is on the order of 3 ns in such devices, 

i 

L Introduction 

IN the case of partially depleted (PD) Silicon-On-Insulator 
(SOI) NMOSFET's, if there is no body contact, the body- 
to-source potential, V BS , at a given bias results from a balance 
between thermal and impact ionization generations near the 
drain and recombination near the source. The main con- 
sequences of Vqs variations are* changes of the threshold 
voltage, V Tr through the body effect, and possible turn-on" 
of the parasitic NPK bipolar junction transistor. In the case 
of dc operation, this results in the well known kink effect 
and in the existence of -a subthreshold slope improvement 
known as "anomalous subthreshold slope" [I] or "supra ideal 
subthreshold slope" when it is less than the theoretical 60 
mV/decade at room temperature. This last point led to the 
belief that it may increase the speed of circuits, because it 
is equivalent to a low V T for the drivability, but without the 
penalty for the leakage drain current at Vbs — 0 V that would 
result from a conventional reduction of V T [2], However, 
with an experimental approach, it is difficult to separate the 
observed improvement among different contributions: sub- 
threshold slope improvement, average threshold voltage, kink 
effect, transient effects [3], [4], parasitic capacitances, etc.Tb 
clarify this point, we have adopted a theoretical approach 
based on the use of a two-dimensional numerical simulator 
FIELDAY H [5], This tool solves Poisson's and drift diffusion 
equations in dc or transient modes. The impact ionization 
current results from a consistent resolution of the electron 
hydrbdynamic equation to get the electron temperature, which 
is further used in the Scholl/Quade model [6], Since the 
impact ionization current is strongly dependent on the electron 
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energy relaxation time, r c , a calibration procedure was initially 
performed to get reliable conclusions- For all the simulations, 
ihis parameter has heen set to 0.15 ps after comparison of 
the impact ionization multiplication factor to experimental 
daia from bulk devices (for a very dose channel length 
and for the same biasing range) and to other simulations 
results (on the same SOI device) obtained with other cali- 
brated models [7], [8J. FIELDAY II simulations were done 
with band-gap narrowing, Auger recombination, and SRH 
recombination/generation with doping-dependent lifetime r = 
t 0 /(1 -h ff/7 X 10 15 cm" 3 ), with ro = 1 us for electron and 
hole carriers. 

II. Simulations and discission 
In this Study, we have simulated PD-SOI NMOSFET's with 
a LDD structure. The gate length is 0.2 iM % the gate oxide 
thickness is 5 nm and the silicon film thickness is 100 nm 
with a uniform p-type doping of 4.5 x 10 17 cm 3 . The buried 
oxide thickness is 0.4 pm. There is no body contact, so the 
body is floating* 

In a first set of simulation, we consider a transient gale 
voltage increase with a slew rate of 100 ps/V for a constant 
drain voltage of 2 V. This corresponds to the switching on of 
a NMOS transistor in an inverter, where the drop of output 
voltage is delayed compared with the rise of input voltage. 
In weak inversion, a linear ramp of Vbs, would lead to 
a displacement current stronger than the quasistatic channel 
current and make it impossible to compare. with dc simulations. 
In order to overcome this, wc used a staircase gate voltage 
ramp, i.c. small linear ramps of Vbs by increments of 0.1 
V in 2 ps, followed by constant V GS steps of 8 ps, that 
is an average increase with a slew rate of 100 ps/V (Fig. 
1). During the constant Vbs s^ps, *ere « *° dwlaccment 
current and we verified that 8 ps is sufficient to terminate the 
channel transient and the displacement of charge in the body. 
So, at the end of each Vbs step, we got the intrinsic drain 
current without the contribution of any displacement current. 
The plotting of this current versus the corresponding Vbs gave 
the transient subthreshold characteristics, which .is compared 
with the dc one in Fig. 2. We observe that the * "<™"^» 
subthreshold slope doesn't exist in the ^ sic ^ mod ^ n *J 
we get a slope of 7S-mV/decade instead of 
Fig 3 Show^ne corresponding variations of tf» i Mnaent 
and dc body potential versus K cs . Tt* 
extracted from the two-dimensional di**»«« « "Jy* 
electron auasifermi potential on 
at the back interface Vis = Q F P wrN ' * 
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Fie 1 Gate voltage waveform for decoupling the intrinsic SOI transient 
effects from the displacement current and time dependence of th & body ' 
potential for increasing the gate voltagt from 0-V to 2.5 V, in nfcitmenU 
of 10 ps- 

way avoids any perturbation that could otherwise occur, for 
instance in using a floating body contact For Vbs = 2 ^ 
we sec that the transient body potential is lower than the dc 
value for almost all the Vqs range, which means that, for this 
timing of the transient, the impact ionization current is not 
strong enough to increase the body charge to the dc level in 
phase with the V G s biasing. This is confirmed by performing 
the same transient simulation, from the same initial dc solution, 
but turning off the impact* ionization in HELDAY during the 
transient. In fact, other simulations *how that -the time, for 
only charging the body by impact ionization, from a.Vfcs = 0 
V initial condition (set by a body contact which is then left 
floating) and a constant V G s and V DS biasing, is at least 3 ns 
for Vbs = 2 V. This is the minimum value corresponding to 
the peak of the impact ionization current for Vqs close to the 
threshold voltage. In Fig. 3, we have also plotted the results 
of another set of simulation for which Vqs la decreased from 
2.5 V to 0 V in incremental steps with an average slew rate 
of -100 ps/V. Since the impact ionization current, and also 
K BS ™ mode, are maximum for a low Vbs, one would 
expect also an increase of Vbs in transient mode when Vbs is 
decreased slowly. Instead, we got a decrease, which confirms 
that the impact ionization doesn't play a dominant role. Noting 
that in transient mode V BS varies the same way as Vcs. a 
capacitive coupling between the body and the gate is expected. 

In Fig. 1. the V BS variation versus time, for Vbs increasing 
(staircase voltage ramp), is plotted. There is an obvious cor- 
relation between the body voltage and gate voltage variations, 
which is in agreement with the dominant role of a body to 
gate capacitive coupling. Such a coupling is known to induce a 
transient increase of Vbs. resulting in a drain current overshoot 
at low drain voltage [9]. Below the threshold voltage, V r ~ 
0.4 V, there is a direct gate to body capacitance that explains 
the coupling. Above V T ([i.e., above 40 ps for this simulation), 
the rate of increase of V B s is lower than before V T . but it is not 
neelisihle. However, one exoects an electrostatic shielding b> 
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Fig. 2. Simulate subthreshold chmcttruM of "J^ 1 *^^ 
KWOSFET In the case of a £*c uusicnt, for comparison with the dc 
StoS * inidMte contribution of the ^ «no« « ^^.^T 
of each incremental V GS *?^,^ « 
flort£ la dashed line, a body contact has been used to ue the body £ he 
source either for ite taUtol condition and during the transient, or only for the 
initial condition, leaving it floating during the transient. 
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In Fig. 4. we show the edge of the body space charge layer 
for different gate voltages, corresponding to the Vbs increase 
transient simulation. There is a hole redistribution in the body, 
without significant increase of the total charge, which also 
means a low influence of the impact ionization generation 
during this transient. As discussed previously, there are iwo 
regimes of ifce gate to body coupling. 

I) Between 0 V and 0-4 V, subthreshold regime, the 
increase of the depletion region, under the gate, cor- 
responds to the surface band-bending increase along the 
entire channel. 

Between 0.4 V and 2 V, satun'.ion regime, there is a 

' * ig the 
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Kg. 4. Changes of the body ppacc charge layer for a transient increase of ihc 
gate voltage from 0 V to the threshold voltage, then to 2 V» showing increasing 
forward biasing of the body*source diode, the drain voltage is 2 V. 

channel. However, fpr increasing Vbs, this variation 
becomes more and more linear, thus, the surface band- 
bending is increasing between source and drain (not 
near the source where it is clamped to 2$f - Vfcs)- 
The corresponding depletion charge increase, resulting 
from the V G s increase, is equivalent to a gate-body 
capacttlve coupling. In other words, the electrostatic 
channel shielding exits near the source, but not near the 
drairt because the device is in saturation regime. 
To emphasize the advantage of floating body operation, 
simulations have also been performed with the body tied to the 
source, either for the initial condition and during the transient, 
or only for .the initial condition, leaving it floating during the 
transient. Fig. 2 shows that, in addition to the initial shift of 
Vr, the dynamic change of K B s contributes t6 an increase of 
the drain current through a dynamic reduction of V T . 

m. CONCLUSION 
Based on numerical simulation, we demonstrate, for a 
low supply voltage, e.g., 2 V in our study, that the impact 



ionization current doesn't significantly contribute to a dynamic 
change of the threshold voltage, because the impact ionization 
current is not high enough to change the body charge during 
the gate switching. Consequently, the dc sttb-60 mV/deeade 
subthreshold slope of partially depleted device, known as 
anomalous subthreshold slope, doesn't exist in transient mode. 
There is however a dynamic change of the body potential by 
the gate to body capacitance coupling, which only exists in 
SOI and does help the switching performance of SOI devices. 
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PHYSICAL MODELING OF BENEFICIAL DYNAMIC FLOATING-BODY / 
EFFECTS IN NON-fULLY DEPLETED SOI CMOS CIRCUITS v 
BongffiPffk Suh and Jerry G. Fossuxn 
University of Florida, Gainesville, FL 32611 

The floating-body configuration is desirable in scaled SOI CMOS technology because of area 
efficacy. Unfortunately it portends various problems, one of which is the premature parasitic-BJT 
breakdown [1] that occurs in both fully depleted (FD) and non-fiilly depleted (NFD) SOI 
MOSFETs. In the NFD device, other floating-body effects [2]-[4], some of which can be 
beneficial, are apparent at drain-source voltages below the breakdown because of the sensitivity 
of threshold voltage to the body-source bias. This bias, which can be forward or reverse in 
dynamic operation of the MOSFET, is due to positive or negative excess majority-carrier 
densities in the floating body. In this paper, we present a physical model for the NFD/SOI 
MOSFET and use it in a circuit simulator (SOISPICE) to identify and assess beneficial floating- 
body effects in dynamic operation of scaled CMOS digital circuits. 

Our model, an evolution of the TFA formalism in [5), physically accounts for the 
aforementioned floating-body effects in the short-channel device. Underlying these accountings is 
the characterization of the body bias V BS , which is defined by the carrier recombination and 
generation currents inherent in the device, as well as by the body charge dynamics. The model has 
been verified by numerical device simulations, and by measured current-voltage data as 
exemplified in Fig, 1 for a 0.2-pjn NFD test device. Note in Fig. 1(b) that the model predicts well 
the supra-ideal subthreshold slope for high V DS , which results from a floating-body effect driven 
by impact-ionization charging of the body [3] and dependent on the nonideality of the source- 
body junction recombination characteristic (but independent of the parasitic BJT). SOISPICE 
CMOS circuit simulations show clearly however that this effect is not beneficial to speed [6], but 
only increases static power as implied by the off-state currents indicated in the figure. 

. Nonetheless the speed of a floating-body NFD/SOI CMOS circuit is inherently faster than that 
of a body-tied-tOTSource circuit, especially for low supply voltage as exemplified, by the 
SOISPICE-predicted inverter propagation delays plotted in Fig. 2, All the (three-stage inverter 
chain) simulations were done with identical model parameters. The underlying beneficial floating- 
body effect results from V BS > 0 driven by body charging due to thermal earner generation, even 
at low V DS - This speed improvement would seem to imply a common design tradeoff, however, 
because it results from effective threshold lowering which would also increase off-state current 
and hence static power* The transient circuit simulations suggest though that this tradeoff is not 
needed; they show that the benefit is not undermined by increased off-state current because of a 
unique dynamic floating-body effect in the NFD/SOI MOSFET. As indicated by the SOISPICE- 
predicted transient currents in the CMOS inverter chain, plotted in Fig, 3 for floating and tied 
bodies, the off-state current Is effectively suppressed when the body is floating. The reason for 
this suppression is that the body is partially depleted of majority carriers in the on state, and the 
need to recover them in the off state produces a negative V BS , Whereas the time constant 
associated with this recovery in the tied-body device (i.e„ the dielectric, relaxation time) is 
negligibly short, that for the floating-body device (i.e. T a carrier generation lifetime) is very long 
compared to operating periods of high-frequency signals in scaled CMOS circuits. Thus V BS < 0 
is maintained during the off-state period of the floating-body device, and the current is suppressed 
because of the implied higher threshold. The static power in the circuit is, thereby effectively 
decreased, even though the V BS -induced threshold lowering is being exploited in the on state. 
Note that the dynamic floating-body benefits are hysteretic; every cycle is somewhat different. 
Hence exploitation of the beneficial effects will necessitate device/circuit design scrutiny. 

* 94CH35722 
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Fig. 1. Measured (points) and SOISHCE-simulated (curves) current-voltage cliaractenstics 
of a scaled floating-body NFD/SOI MOSFET, L = 0.2 um. In (a), V GfS vanes from 0.5 to 
2.5 V, and in (b), V,^ is O.LV and 2.0 V, the latter for which S - 44 mV. 
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Fig. 2. SOKPlCE-predicted NFD/SOI CMOS 
inverter propagation delay (per gate) versus 
V DD for floating (•) and tied (■) bodies, and 
the relative speed enhancement afforded by 
the floating body; L=0.2 pjn. 
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Fig. 3. SOlSPlCE-predicted transient currents 
in the NFD/SOI CMOS inverter chain, with 
floating and tied bodies; L = 0.2 u,m, V DD = 
\5 V. The physical off-state leakage 
(channel) currents are highlighted; the noisy 
currents reflect errors associated with the 
integration method used in SPICE. 
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Dynamic Floattag-Body labilities in Partial* Depleted SOI CMOS Circuits 

Dongwook Suh and Jcny G. Fossum 

Department of Electrical Engineering • 
University of Florida 
Gainesville, FL 32611-^200 

the PD/SOI MOSFBT [4] implemented in SOISPICE pj. 
SOISPICE device/circuit simulations show some performance 
benefits afforded by the effects, but they also reveal circuit 
instabilities and even complications in model parameter 
extraction caused by them. 



Abstract 

Dynamic flumng-body instabilities in PD/SOI CMOS 
devices and circuits are investigated jwg a P«Jjgg 
compact MOSFET model in SOISPICE. SOXSPiCb 
Staff show how some floaung-bod> ' «J * 

beneficial, but they reveal that the hystcretic nature of _ 0» 
Sects cause, instabilities. They further exemplify how 
floating-body charge dynamics can "ggSj^g 
parameter extraction. Accordingly SOlSPICE-aifled 
Sanations of SRAM and DRAM circuits imply to 
conservative designs will be necessitated w PD/SOI 
technology. 

Introduction, 
The floating-body configuration is desirable inhaled 
SOI CMOS technology because of area efficacy. 
Unfortunately it portends various problems, one of which is 
^ premature p^itic-BJT breakdown [Uln the parUaUy 
ZteU (PD) SOI MOSFET, additional DC floating^ 
effects PI, [3J (e*. enrtent kinks) are apparent at dram- 
toL voltages below the breakdown because, of the 
sensitivity of threshold voltage to the body-sour.eb^ (V^. 
which is governed by free-carrier charging of die 
effects are compounded in dynamic device/circuit operation 
by transient charging currents that define V BS (t) which can be 
positive or negative. In this paper we examine these dynamic 
floating-body effects using a physical yet compact model for 
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Kawl repression of the PD/SOI MOSFET model. 



Model Utility 

Our PD/SOI MOSFET model is charge-based and 
Dhvsically formulated as reflected by the network 
representation in Kg. I. The floating body is a model option, 
S S V HS (t) is properly characterized by the nodal 
Ration! nvoSring doj/dt (body charging current) as well as 
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I R (soarcc-body junction recombination current), Ici (thermal 
generation current), and 1^ Cimpact-ionizatiori current). The 
model has been verified by numerical device sunnlauons as 
wefl as device I-V measurements. The latter are exemplified 
in Fig. 2 for a 0.2-fim floating-body n -channel MOSFET. 
Because of the physical nature of the model, no rigorous 
parameter optimization was needed for these SOISPICE 
simulations. The parameters Were evaluated from the known 
device structure; only minor tuning, e.g.. for the mobility and 
its degradation factor, was used. The model prediction is 
generally good, even for the high-Vos subthreshold- and 
saturation-region kinks, the former of which is reflected by the 
supra-ideal slope (S= 44 mV) in Fig. 2(b). 
1 Note m Fig. 2(a) however that there are sigruficant 
model-measurement discrepancies in high-power regions due 
to self-heating (which is not modeled) affecting the measured 
data [5). Since the self-heating is mainly a DC effect, model 
parameters for (digital) circuit simulation must be evaluated 
without it. Thus conventional parameter optimization/ 
extraction cannot be done. Recently a pulsed I-V 
measurement method was proposed [61 to avoid self-heating. 
However, although unacknowledged, this method can be 
undermined by dynamic floating-body charging effects as 
exemplified in Fig. 3. The SOISPlCE-predicted transient 
drain current for gate and drain, voltage pulses with widths 
(nanoseconds) comparable to those used in [6} shows that the 
current might not reach its static level, and hence the 
parameter values extracted could be invalid. The delay is the 
time required for generated (e.g„ via impact ionization) 
carriers to charge the body. It depends on the device structural 
and electrical properties, and hence proper voltage pulse 
widths are not readily apparent 

Floating-Body Benefits 
The speed of a floating-body PD/SOI CMOS circuit is 
" inherently taster than that of a body-ticd-to-source circuit, 
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pu 4 . SOlSPICE-prcdioed PD/SOI CMOS invt^cr pt>p^oo delay 
(per fiJ ae) v^ai V DD for floating (•)»** « ***** L = 02 

especially for low supply voltage (V pD below the kink 
voltage), due to thermal generation-driven body charging^ 
T D -X V n<! > 0 for n-channel MOSFET) and threshold 
lowering. This benefit, revealed by SOISPlCE-predicted 
propagation delays in inverter-chain circuits exemplified m 
Fig 4 is potentially viable because of the dynamic 
suppression of theoff-statc current as shown by the simulation 
results in Fig. 5. The suppression occurs . because the 
MOSFET body is partially depleted of majority carriers in the 
on state, and the depletion charge in the off state forces VbsW 
< 0 as the carriers are recovered (by thermal generation). 
Since the time for roll recovery in the floating-body ^device is 
long relative to typical signal periods in fast CMOS circoite, 
the implied higher threshold voltage is maintained during the 
off-state period, and the current is effectively suppressed. 
SOlSPlCE-simulated V^t) in Fig. 6 for n-channel 
MOSFETs in the inverter chain supports this insight- 
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Rg, 6. SOISPICE-simulAtcd crmacnt body-eotirc* voitagfc of o-chapnd 
MOSFET* in Ihft PD/SOI CMOS inverter chain. 

Hysteresis 

The dynamic floating-body benefits are however 
hysteretic, depending on the history of the device charge 
condition as evident in Figs. 5 and 6. The hysteresis in device 
characteristics is clearly reflected in Fig. 7 by Ihe SOISPICEr 
simulated transient threshold voltage of an n-channel PD/SOI 
MOSEET corresponding to different gate-voltage pulses. 
Even though the steady*state threshold voltages (defined by 
the preliminary DC solution for transient analysis in 
SOISPICE) are identical, different initial body charge 
conditions, dependent on the applied gate voltage, dictate the 
different threshold voltage variations in" time since they define 
the transient Vfl$(t) . Recovery times are also dependent on the 
sign of V B $(t); the transient process of depleting the body (via 
carrier recombination) depends on the forward-bias 
characteristics of the sburee-body junction* and is generally 
faster than that of replenishing it (via carrier generation) 
which depends on the reverse-bias characteristics. When the 
gate bias is switched in finite time, the recovery is slowed 
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SOISPICE-Bunulaied forward- And revwie-iwept (?low~)iransL&fU 
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inverter. Hie sieady-aiaic characterise i* thown for companion. 

because of counteracting (recombination and generation) 
tendencies. The hysteresis of threshold voltages is reflected in 
Fig. 8 where simulated transient voltage- transfer 
characteristics of a PD/SOI CMOS inverter are shown. The 
inverter input voltage was ramped up and down at a very slow 
rate so as to obviate the gate propagation delay, but fast 
enough to see the hysteretic effects defined by the recovery of 
the body charge. Both the forward- and reverse-swept transfer 
characteristics are offset from the steady-state one because of 
the body charging-induced lowering of the threshold voltage 
of the transistor being switched from off to on. 

Design Implications 

The design of circuits with PD/SOI MOSFEft must 
accommodate the inherent hysteresis, which otherwise can 
cause significant Instabilities. We will exemplify the possible 
instabilities in SRAM and DRAM circuits uitfng SOISPICE, 
and discuss the needed design tradeoffs. Obviously a CMOS 
SRAM built with inverters having characteristics like those in 
Fig. 8 would have a reduced static noise margin. For example, 
Fig 9 shows predicted bit-line voltage transients 
corresponding to read-'XT operations of a PD/SOI CMOS 
SRAM cell. For the word voltage V w = V DD , the floating- 
body circuit (i) is faster than the tied-body (-bulk-Si) circuit 
(it). However, when a "noisy" word voltage is used (V w > 
V D dX Ihe floating-body circuit loses its functionality (iii), 
while the tied-body circuit remains stable (iv). lb negate the 
hysteresis effect in this case, the pass transistors must be re- 
rarioed. which sacrifices speed (v). 

DRAMs built on SOI substrates are of interest because 
sloragc capacitance can be less than in bulk-Si DRAMs due to 
reduced biMine capacitance in SOI [7], The storage 
capacitance ^an be further reduced if floating-body PD 
devices are used for cell transistors* Whereas V B s of the bulk- 
Si cell transistor is fixed at a negative bias, that of the floating- 
body PD/SOI cell transistor is positive when the device is 
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Mr^T^ 0 "' If * PD/S0! SRAM V OD = 13 V. The 
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turned on to write "1" on the storage node. Thus the hysteretic 
threshold voltage reduction allows a higher stored data 
voltage (Vg) as predicted by SOISPICE in Rg. 10. Hov/ever 
this benefit also can be undermined by associated instabilities 
since the leakage current through the cell transistor, which 
defines the refresh cycle, is also affected. Fig, n compares the 
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SOBWCE-predieteH deety <rf the stored data volmge „ floating, 
(with different initial V BS (0)) md tied-body PD/SOIDRAMcdtti. 

yet compact MOSFBT model in SOISPICE which properly 
characterizes the floating-body bias in transient as well as DC 
simulations. SOISPICE predictions reveal how floating-body 
charge dynamics can complicate model parameter extraction 
Simulations show that the floating-body effects can be' 
beneficial to performance, but that instabilities due to the 
hysteretic nature of the effects must be acknowledged in 
assessment and design of PD/SOI technology. Plainly the 
simulations imply that efficient circuit design in the 



Iduik ? d/SOI DRAM cells. The decay in the floating- technology will require a compact device model that properly 
body cell is quite sensitive to the body chan*e cnnrliHnn accounts for the hvs^io oi ,h a. «_^_"^ y 



body ceU is quite sensitive to the body charge condition since 
it deflnes V^t) and the dynamic threshold voltage. Unless 
the charge in the flowing body is controlled, e.g., via all-select 
reset, the PD/SOI DRAM design must be based on a worst- 
case refresh scenario,, which, according to Fig/ II, would yield 
a much less than optimal memory circuit. 

Conclusion 

Dynamic floating-body instabilities in PD/SOI CMOS 
devices and circuits have been investigated using a physical 

2.0 



accounts for the hysteresis and the uniqae floating-body 
effects, SOlSPICE-aided examinations of SRAM and DRAM 
circuits revealed that the instabilities could preempt the 
beneficial effects and indeed necessitate more conservative 
designs than in the butfc^i technology. 
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ABSTRACT 

A physical model for the fully depleted submicron SOI 
MOSFET is described and used to assess problems and possible 
bcocfils in SOI CMOS VLSI digital circuits thai result from 
^ parasitic bipolar juncdon transistor (BJD in the floaiing- 
tojydcvke. The study shows chat the problems overwhelm 

benefits, and hence must be alleviated by controlling the 
rivition of the BJT ,via device design tradeoffs- A feasible 
qpoach to the needed design optimization is demonstrated by 
(fcttoc/tircuit simulations* 

INTRODUCTION 

Fully depleted SOI CMOS is potentially competitive in 
deep-submicron VLSI applications because of eased scaling 
iffbfded by the variable (thin) film thickness as well as simple 
uolidoa [1]. Hie viabiliiy of SOI however is threatened by 
floting-body problems, the most annoying of which are due 
to the impact loniradou-triggered activation of the parasidc 
fad) bipolar transistor (Dm in the (n-channel) SOI MOSFET 
mam Culustrated in Fig. 1). This effect, which results in 
tet of gate control, has been extensively analyzed at the device 
kTtl under dc conditions <J,e^ by examining the source^rain 
teikdown and subthreshold conduction), but little study of the 
effect and its unique repercussions has been done at the circuit 
kvd under transient conditions. Ftmberaiore little study of the 
possible benefit to circuit speed afforded by the BJT activation 
his been done. In this paper we describe a physical model 
for the folly depleted SOI MOSFET. written into SPICE2 
nwtce code, and use it to assess floating-body bipolar effects 
ia uibmiooo SOI CMOS digital circuits and to suggest designs 
tt control and possibly exploit them beneficially. 
SOI MOSFET MODEIVSOISPICE.2 

The physical device model is a major extension of our 
pttfioiitfy developed short-channel, charge-based model [2] to 
fe dun-film SOI MOSFET. The noteworthy extensions [3] are 
aooofflthigs for subthreshold current at both die front and back 
softer, for LDD and LPS regions, as well as for the impact- 
iouuticm current and the parasitic BJT in the LDD/LD5 device 
structure shown in Fig. 1 . The new five-terminal (source, drain* 
from gate, back gate, and body, which normally floats) model is 
bsedOQ the assumption of a fully depleted film body, including 
the back surface. Hie analyses of the (ambipolar) carrier 
tampon in the device structure which underlie the model 
require Iterative numerical solution, The model is hence semi- 
BDraeiicaL yet is implemented effectively in SPICE2 source 
code creating "SOlSPICE-2 M 13], which enables reliable and 
efficient mixed-mode device/circuit simulation. 
[ Iri subthreshold channel currents are modeled [3] is weak- 
toverskjo currents, constrained by Vos-dependent limits and 
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Fig. 1, Cross-sectional view of the contemporary thin-film 
SOI MOSFET including an LDD and an LDS. 

added to the strong-inversion currents in [2]. The basic weak- 
inversion current expression, applied to both front and back 
channels, is formulated to be consistent with the physical 
characterizations of shoTt-cbnnnd and gate charge-coupling 
effects in 12]. . 

the characterization [3] of the (weak) impact-ionwatiou 
current extends that in [2] by accounting for carrier generation 
in the LDD as well as in the high-field portion of the channel 
(where the electron velocity is assumed to be samrated^and 
by including the BJT (collector) current It and the total (front- 
and back-) channel current Ich hi the driving current; 

(1) 



i G4 = (m-iKIch+1t) 



where 



.(M-i)^«ocxp(-|>yV L ^«p(-|>- « 

The first integral in (2) follows from [2], but with E, (y) reduced 
because of (he voltage drop Vldd across the LDD. The second 
term follows from ^(y) in d* LDD derived from a solution of 
Poisson's equation that is consistent with the peak electnc field 
as characterized by the channel analysis. The LDD analysis 
[3L which also yields Vldd, obviously requires an iteranye 
solution because of the close coupling to the channel analysis. 

The BJT current Ir in O) is approximated for short L via 
the classical integral charge-control relation: 



(3) 
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where V&s is the (induced) body- source forward bias, t& is 
the SOI film thickness, D n is a transverse field-dependent 
diffusivity, and 

is the integrated m^ority^hole density in the body (base). The 
basis for (4) is an assumed" linear distribution of holes across 
the channel region with p ~ n in the normally depleted body. 
Numerical device simulations {4] support this assumption for 
normal activation of the BJT. The last ram in (4) is included 
to keep die model tractable when the device is off and die 
assumption is not applicable, 

The numerical 'device simulations (4] further show that 
When the para sitic BJT is activated in the fully depleted 
SOI MOSFET structure, the primary recombination current 
Ir (viz., injected-hole removal current) is supported by the 
qu&si-neutml source region, including the LDS, Recombination 
in the depleted film body tends to be small because of carrier 
separation by die transverse electric field and because of long 
carrier lifetime relative to that in the higher-doped source. Thus 
from a regional analysis of the hole continuity equation in the 
source, accounting for the longitudinal electric field supporting 
the electron current (Ich+It) in the LDS, we derive [3] Ir oc 
exp(qVBs/kT) in terms of OfcH+*r) as well as the electrical and 
Structural properties of the n*-n source. This analysis, which 
also requires an iterative solution, yields the voltage drop across 
the LDS, Vu>$» as welL Note that the BJT current gain, - 
I T /I Rl is injection level-dependent! and can be controlled by a 
properly designed LDS which enhances Ir [3], [4]. 

The carrier-transport analyses underlying the SOI MOSFET 
model assume, where necessary, accepted physical models 
such as doping dependences of carrier mobilities and lifetimes. 
The charge modeling for transient simulations follows that in 
[2] closely. The resulting charge-based model [3] is much 
more than a simple equivalent circuit. The model algorithm, 
implemented in SOISPICE-2* involves iterative, Newton-like 
numerical solutions of the implicit system of model equations. 
There are two main iteration loops in tho algorithm, required 
for the derivations of Vtns and Vltjd coupled to the channel 
analysis. SOlSPICE-2 is structured to allow user options in the 
model. For example, the BJT can be turned off by specifying 
a device-line parameter, and the LDD or LDS region can be* 
eliminated by specifying a length parameter as zero on the 
model line. 

SOISPICB-2 has been, supported by numerical device 
simulations using PISCES [3]. For example, the SOISKC&- 
2-simulated current-voltage characteristics of a fully depleted 
SOI MOSFET with a 0*5-/im channel length in a lOO-nm-thick 
film shown in Figs, 2 and 3 are consistent with those predicted 
by corresponding PISCES simulations. The predicted benefits 
of an LDD and LDS, doped in this example at 10" cm' 3 , 
in controlling the BJWnduced on-state breakdown (Fig. 2) 
and off-state latch (Fig. 3) of the device are apparent In all 
cases Of BJT activation, the positive feedback triggered by 
generated hole injection into the body, which raises V B s> and 
the subsequent enhancement of the impact ionization by the 
BJT current becomes regenerative when )9(M~1) c= 1. Hie LDD 
and the LDS are both effective in controlling this activation by 
limiting (M-l) and p respectively [31, (4]. but, as evident in 
Fig. 2, &ithe expense of reduced drive current because of V\jds, 
and VLor> Referring to Fig. 3* we note that SOISPICE-2 does 
not predict the "snapback" in the off-State latch characteristics 
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Fig. 2. Simulated on-state breakdown characteristics of SOI 
MOSFETs with and without LDD/LDS at (Vos-Vrf) = 2V. 
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Fig, 3, Simulated off-state latch characteristics of SOI 
MOSFETs with and without LDD/LDS at Vqg = *3V. 

14], This phenomenon can occur in actual devices, probably 
when additional components of Ir, which affect /J(Vbs)f obtain 
because the devices are not fully depleted in the off state. The 
utility of SOISPICE-2 is not restricted however because reliable 
design optimization should be based Oh the holding voltage fin 
Fig. 3) and not on the actual latch voltage (which is higher). 

SOI CIRCUIT SIMULATIONS 
To rigorously assess the viability of SOI CMOS VLSI, the 
effects of the floating body and the parasitic BJT as induced by 
actual circuit operation must be studied Interesting results 
arc obtained from SOISPICE-2 digital circuit simulations.. 
Consider initially the simple SOI CMOS inverte*. It is obvious 
that in the output-high steady state, if Vdd is greater than 
the off-state latch voltage* the n-channel transistor will latch, 
causing excessive standby current The high-state voltage is 
thus lowered and, depending on the conductance of the p- 
channel transistor, the inverter can lose functionality if the 
holding voltage is cutremery low,* Such failure is indeed a 
tendency in deep-submicron devices as implied by (3) and (4). 
This condition can also be induced by the pull-up transient if 
Vpo is greater than the holding voltage o^monstratcd in Fig. 3, 
In Fig- 4, simulated transient switching characteristics of an 
SOI CMOS inverter arc shown. The inverter comprises 0 ; 5- 
jim n- and p-channe! transistors with fully depleted, floating 
bodies in 100-nm films. Note the transient latch, and the 
beneficial effects of the LDD end LDS on the inverter output- 
voltage swing and supply- voltage cu rrent in Fig. 4. Without 
the LDD/LDS, the it-channel MOSFET latches during the 
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fig, 4, Simulated SOI CMOS inverter switching transients 
(caput voltage* and sopply-voltago enwehts) to devices with 
md whhom LDD/LDS. 

pull-up transient, resulting in significant standby currant and 
reduced high-state voltage. In this case, the parasitic BJT in 
tbc tkbanncl device is triggered by transient channel cunent- 
infocd impact ionization. Note that this transient latch will 
te governed by the fall time of the input voltage pulse; a 
toer time lends to prevent the latch by removing the channel 
enntnt prior to significant increase in V D $. The off-state latch 
however can be triggered by other (U. t leakage) currents in the 
MOSFET structure, so the standby-current problem is pervasive 
if Vdd exceeds the latch voltage df the n-channel transistor. 
(We ire neglecting the possibility of BJT activation in the 
p-Channel transistor.) 

During the pull-down transient of the SOI CMOS inverter, 
the rwhannel transistor can latch provided the rise . rime of 
Ac input voltage pulse is sufficiently short. In this case, 
dunnel current is quickly turned on, producing enough impact 
flotation when the output voltage is still high to activate the 
pttisnc BJT. This on-state latch tends to reduce the pull- 
down delay because of the supplemental BJT current which 
facilitates discharging of the load. The latch is not sustained in 
the toady slate because Vds is palled down to zero, .precluding 
my continued impact ionization. SOI$FK3E*2 simulations of 
this transient, for varying fan-out (or load capacitance) with 
tod without the BJT activation, reveal however that the speed 
benefit U only modesL In Pig. 5. predicted prffl-down delays are 
plotted versus the fan-out The n-channel and p-channcl gate 
bus used in the simulations pre 0.5 x 5.0 jim 2 and 0-5 x 10.0 
W respectively. The BJT-produccd speed-up is less than 25% 
tvea for Ugh fen-out The benefit is minimal mainly because 
tir transient Yds on the MOSFET during the pull-down quickly 
drops below the (VoB-dependenO holding voltage, thereby 
deactivating the BJT for frost of the transient The predicted 
fash} characteristics, with and without die BJT effect, confirm 




Fig. 5. SOISPlCB-2-prtdicted pull-down delays of SOI CMOS 
inverter versus fen-out (PO - 1 is equivalent to a 0.0094-pF 
load), with and without parasitic BJT activation, and with and 
without LDD/LDS to inhibit the BJT. 

this explanation. Thus the standby-current problem appears to 
be the predominant issue in design c^tirniiation. Also included 
in Fig. 5 are the corresponding delays predicted when the 1DD 
and LDS, both doped at 3 x 10 17 cm" 3 and of length 0.2 pm> are 
used to inhibit the BJT. Note that these delays are somewhat 
longer because of the LDD/LDS voltage drops, indicating a 
critical, but seemingly doable design tradeoff, , The delays 
predicted by SOlSPICE-2, even with suboptimal LDD/LDS as 
in Fig. 5, are substantially shorter than those of the bulk-silicon 
CMOS counterpart near the L = 0-5 /im scaling level [5], 

Consider now the basic six-transistor SOI CMOS SRAM 
cell shown in Kg. 6, in which the afcTOnenrioned effects as 
well as other unique transient effects can occur due to the 
floating, fully depleted body. In steady states, me off-state latch 
can obtain in any of the four n-channcl transistors, producing 
prohibitive standby current in the memory clement and/or in 
the access lines/ Furthermore. trtasienNinduced latches and 
upsets can occur because of the BJT, producing some speed-up 
as well as standby currents Consider a write operation, for 
example writing a "1" (on the drain of Nl). The pertinent 
node-voltage and current transients, obtained from SOISPJCE- 
2 simulations with the parasitic BJT activations, are plotted in 
Fife 7 The transistor gate areas used in the simulations are 
representative of an advanced SOI CMOS technology with L 
- 0 5 tm- Prior to the gate activation of the access transistors, 
the 'high logic level (on the drain of N2) is reduced because 
of the off-state latch of N2, The initial transient then results 
in the latching of the access transistors N5 and N6. tending to 
speedup the write operation; As for the inverter, this speed 
eSTanceTTieni is modest; the write-" r delay in Fig. 7 is 0.23 
ns, which is only about 25% less than the delay predicted 




Fig. 6. (SOI) CMOS SRAM cell. 
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Fig. 7. Node-voltage and current transients frora SOISPICE-2 
'simulation of write-"!" operation in SOI CMOS SRAM cell 
with BJT activations. 

when the BJT* are not activated. When the V is written, N5 
and N6 are no longer .latched, but Nl is latched, keeping the 
logic level below V m because of the standby entreat If the 
conductivity" of the p-channel load transferors is too low and 
the holding voltage of the n-channei drive transistors is only a 
small fraction of Vnor it is impossible to writer lope "1" in the 
cell. Hie deactivation pulses finally cause the access transistors 
K5 and N6 to latch again, resulting in further distortion of 
die logic levels because of standby current flowing in all the 
transistors, dearly the BJT-induced standby currents in the cell 
are prohibitive, whereas the speed benefit is not significant 

The effects occurring in a lead operation are somewhat 
different Consider first reading a "0" (on the drain of Nl) 
with the bit lines capacidvely precharged (to Vdd). Prior to 
* the gtte activation of the access transistors N5 and N6, N5 can 
be latched, thereby enabling the discharging of the prcchaigc 
capacitor on the bit line. This is illustrated in Fig. 6, which 
Shows SOISPICE-2 simulation results with and without the 
BJT activations. Note that with the BJTs,. the precharge on the 
bit line coupled to the drain of Nl (and realistically to other 
Storage nodes in the memory array) drops* approaching the 
holding voltage of NS. Nonetheless the read- V operation is 
done properly, and apparently much faster than without the BJT 
effects. This speed enhancement is however only an artifact of 
the BJT-induced source-drain coupling in N5. Consider now 
reading a "1" in an adjacent cell, with the reduced precharge 
on the bit lines. The SOISPIGE-2 simulation results of this 
operation show that the net result of the BJT activations in 
this case is an added delay of the access at best ind a general 
inability to unequivocally read the "1" at worst This disabling 
is prohibitive, whereas the apparent speed benefit provided by 
the BJT to the read- M 0" operation is inconsequential, 
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Fjg. 8. Node-voltage transients from SOISPICE-2 simulatiorc 
of read-"O w operation in SOI CMOS SRAM cell with md 
without BJT activations, 

SUMMARY 

SOISPICE-2, a version of SHCE2 enhanced whh j 
physical model for the fully depleted SOI MOSFET, wis 
described and used to assess the viability of SOI for submicru 
CMOS digital circuit applications. Representative circuit (sad 
device) simulations revealed prohibitive srawiby^untm 
possible etroocous-function problems caused by activation c( 
the parasitic BJT m men-channel device strucwrD. Toepouihk 
benefits, te., enhanced speed, afforded by the supplemental 
BJT current were found to be only modest, and Tendered 
inconsequential by the overwhelming stands-current problems 
in actual circuit environments. The BJT effects must be 
Constrained to render a viable technology. SOISPICE-2 
simulations suggested that an optimally designed LDD/LDS 
device structure could effect a good tradeoff between alleviating 
the BJT problems and reducing dnve^urrent capability. The 
design would require an LDS with low enough denting density 
to effectively remove (rec ombin e) the holes injected into the 
body of the n-channel MOSFET, To keep the LDS conductivity 
acceptably high though, a sat'dde contact, penetrating the entire 
SOI film to the underlying oxjde and separated from the n-type 
LDS by a narrow n + region, is probably needed [3]. This design 
tradeoff for viable SOI CMOS VLSI seems doable, partly 
because of the enhanced drive (saturation) current inherent h 
the fully depleted SOI MOSFET [61. . 
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Abstract 

Recent progress in SOI technology is reviewed and 
problems which need be solved are discussed. Empha- 
sis is placed on the substrate floating effect, for which the 
bandgap engineering method is proposed for the first time. 
It is demonstrated that Si-Ge formation in the source 
region can improve the drain breakdown voltage signifi- 
cantly. 1 

1, Introduction 

SOI is gaining recognition as a solution for low-power, 
high-speed, and low-cost ULSIs which are essential for 
next-generation, multimedia computer systems'. With this 
background, SOI technology has made rapid and substan- 
tial progress in the past several years. Especially, out^ 
standing progress in substrate technology has enabled de- 
vice/process engineers to make access to SOI substrates 
easier than ever before. 

This paper reviews the advantages of SOI and discusses 
what problems need to be overcome to make it a practical 
technology. For the substrate floating effect, a bandgap 
engineering using a Si-Ge source structure is proposed. 

2. Advantages of SOI for next-generation 
ULSIs 

ftom a number of experiments, it has been established 
that SOI-CMOS operates at a high speed under a low 
voltage [1-3]. Application to low-voltage logic LSIs may 
be quite attractive as the nearest target for SOI technol- 
ogy, in that the cost burden for SOI substrates in the early 
stage can be efficiently absorbed because of the relatively 
high chip price. 

Application to high-density DRAMs, such as 256M or 
1G bit DRAMs, is also becoming very attractive because 
of the soft-error hardness which enables construction of 
a memory cell in a simple manner. The soft-error hard- 
ness has been experimentally demonstrated using a 0.5 fi 
m rule DRAM cell [4], We have investigated if soft-error 
hardness still holds true for 0.15 /im rule DRAM cells by 
using 3D simulation. Results showed that, although the 



suibstrate floating effect can cause a leakage current which 
enhances the charge collection (Fig-1), the total collected 
charge at the diffusion region is approximately one-order- 
of-magnitude smaller than the critical value for soft-error 
occurrence in bulk Si. It can be also seen that a simple 
relation holds between a collected charge, Q co u, and the 
initially-generated charge, Qfm<, U., Q coU does not ex- 
ceed hp E x Qimt (Fig-2). Since chip-cost counts more in 
DRAM applications lhan in other applications, low-cost 
process design, as well as stable wafer supply will be cru- 
cial. 

3, Problems to be solved 

Among various problems in SOI technology (Table 1), 
the substrate floating effect may be the most fundamen- 
tal -and the toughest. This effect appears as a low drain 
breakdown voltage [5], the kink effect [6], or current insta- - 
bility in switching operation [7]. Although reduction of a 
supply voltage seems to alleviate the low drain breakdown, 
this problem will remain in the next generation because 
the breakdown voltage decreases with decreasing a chan- 
nel length. Ib deal with this problem, various methods 
have been proposed. However, every method is subject. to 
disadvantage to a lesser or greater degree (Table 2). For 
example, the body-contact scheme which seems to provide 
the most effective method except for area penalty suffers 
from a decrease in breakdown voltage with an increase in 
a channel width (Fig.3). 

4, Concept of the bandgap engineering 
method 

It is known that the substrate floating effect js caused 
by hole accumulation in the channel region. The bandgap 
engineering method aims at narrowing the bandgap at the 
source, thereby enhancing hole flow toward the source. 
Suppose the valence band at the source is uniformly 
shifted upward by 6E a , then hole current will be increased 
in an exponential manner as exp(6E ff fk B T). USB g is 0.12 
eV, current enhancement will be 100 times as high. Note 
that the bandgap narrowing at the source exponentially 
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increases the intrinsic carrier density nt % yhtch in turfr 
increases the hole density in thermal equilibrium. That 
is, the bandgap narrowing at the source is equivalent tp 
drastically enhancing the "conductance" of the hole flow 
in the source region. As a quick check, the effect of the 
bandgap narrowing was studied by simulation in which the 
bandgap narrowing due to the so-called heavy doping ef- 
fect [8,9] was switched on and off. Results supported above 
consideration. However, the bandgap narrowing due to 
heavy doping is already implemented in actual devices. 
The most practical way to further decrease the energy 
bandgap will be to form a Si*Gfii-x region in the sourde 
(Fig.4). An implantation of Ge would be the most practi- 
cal way to achieve that structure. In this case, the Si-Ge 
region will be formed "inside* the PN junction between 
the source and the channel region. As a result, holes will 
sense an energy barrier near the source region in the same 
way as in the case where there is no Si-Ge region. Still, 
hole current enhancement by Si-Gc formation is expected 
to occur, because a Si-Ge region will work to enhance hole 
diffusion because of its enhanced hole-conductance as de- 
scribed above. 

We will show below that 1) the expected improvement 
effect does occur, 2) the bandgap of Si can be decreased by 
Ge implantation, 3) with a practical range in Ge dosage. 

5, Experiments 

Germanium was implanted with the acceleration voltr 
age of 50 kV and a dosage of 1 x"10 rt «n-* onto the source 
and drain regions after post-oxidation in 0.15 gate 
length Nch SOI-MOSFETs. Thermal annealing was car- 
ried out at 850°C after As implantation for N+ regions, 
SIMS measurement showed that Ge concentration exhib- 
ited 6 xHpcm- 3 (10 % of Si) at the maximum. Com- 
parison of IV characteristics of a conventional and Ge- 
implauted device (Fig.5) shows that the drain breakdown 
voltage in a low gate bias region is Improved by as much 
as 1 V, by Ge implantation. Note also that the break- 
down voltage in a high gate bias region is improved as 
well, by approximately 0.5 V. U vs-Kf characteristics in 
the low current region (Fig.6) show that the latch volt- 
age is improved'by 1.1 V for the gate bias of V 9i = - 1 
V by Ge implantation. These results indicate that Ge 
implantation effectively suppresses a parasitic bipolar ac- 
tion. RBS measurement revealed that almost all or the 
implanted Ge atoms are located at substitutional sites. 
TEM observation also supported this, i.e., the crystal in 
the source region was cpitaxially regtown and few defects 
were found. From these results, it was considered that 
valence electrons in Ge atoms might have formed some 
"well-defined* 1 valence band with valence electrons in Si. 
Tb study how the bandgap or silicon was changed by Ge 
implantation, a photo-electronic emission experiment was 
conducted. If the valence band edge shifts upward, then 
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the threshold energy at which photo-electronic emission is 
initiated (the work function) should be decreased. Results 
showed that the work function did exhibit a decrease with 
an increase of Ge dosage (Fig.7). From this results, it was 
estimated that the valence band shift is approximately 
0 1 eV for 1 XlO^cm- 1 Ge dosage. To study whether 
the observed improvement in the drain breakdown volt- 
age was reasonably explained by the bandgap narrowing 
effect, device simulation was carried out by implementing 
physical parameters concerning Si-Ge, The simulation re- 
vealed that the improvement in the drain breakdown volt- 
age amounted to approximately 1 V. which agreed well 
with the experiment (Fig.8). It is now clear that Ge im- 
plantation into the source provides quite a practical and 
effective method in that there is no disadvantage as was 
seen in conventional methods (Table 2). 

6. Conclusions 

Recent developments and problems in SOI technology 
have been described. For the substrate floating effect, a 
novel countermeasure has been presented. After so many 
breakthroughs and experiments, SOI technology has made 
remarkable progress in a short time. To date, develop- 
ments in fields ranging from device/process, circuit, device 
physics, and substrate technology have come to affect each 
other, constituting an effective positive feedback loop. If 
this feedback is maintained, the development of SOI wUl 
be further accelerated and it will not be long before SOI 
will be used as quite as conventional a technology as bulk 
silicon technology has so far been- 
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Fig-1 Simulation result of a source current (bottom) 
after an 5 MeV alpha-particle hits the channel of a 0.15 
iim gate length Nch SOI MOSFET (top). The current (I) 
is due to initially generated electrons which flow out to 
the source in psec order. The current (II) is due to leak- 
age electrons which Row from the source to the drain for a 
long time period. The current (III) is due to holes which 
are the origin of the leakage curtent (II), The collected 
charge after 1 sec is 2.6 fC. 
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Fig.2 Schematic diagram for the time-dependence 0. 
the leakage electron current and the hole current showr 
in Fig.l. The leakage current flows via parasitic bipolai 
action due to the substrate floating effect. It follows tha 
the maximum collected charge due to the leakage will no- 
exceed the value h FB * Qmu where h F B is the curren* 
gain of the parasitic bipolar device and Q in ii * ^e hole: 
initially generated by the hit event. 
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Fig.3 Measured drain breakdown voltage (V b d) of Nch 
SOI MOSFETs having body contacts as a function of gate 
voltage. Tlfe channel width (W) is a parameter. V BD in 
the low gate bias region tends to decrease significantly 
with increasing the channel width. 



Table 1 Problems to be solved in SOI technology 
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Fig.4 Schematic diagram of the bandgap engineering 
method (top). Practically, a Si-Ge layer is formed by im- 
plantation in the source region, which also works to pro- 
mote the hole flow toward the source region (bottom). 
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Fig.5 Comparison of l d vetsus V d between a conven- 
tional SOI-MOSFET and a Ge-imp! anted SOI-MOSFET. 
It should be noted that the drain breakdown voltage has 
improved by as much as L0 V and 0.5 V for a low and a 
high gate bias region, respectively. 



Fig 8 Simulated h versus V d relation taking into ac- 
count Si-Gc region formation in the source region. Note 
that the gumption of 0.1 eV decrease in the bandgap 
reproduced approximately 1.0- V increase in the dram 
breakdown voltage, which agrees well with the experiment 
shown in Figs.5 and 6. 
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Fig.6 Comparison of h versus V4 between a conven- 
tional SOI-MOSFET and a Ge-implantcd SOI-MOSFET 
in a low drain current region. It should be noted that 
the latch voltage exhibited a significant increase. For 
V gt = -1 V, the latch voltage improved by as much as 
1.1 V due to Ge implantation. 



Table 2 Comparison of countermcasures for the sub- 
strate floating effect. Every conventional method has some 
disadvantage. W dependence for the body contact method 
is shown in Fig.3. In contrast, the bandgap engineering 
method has no such demerits. 
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Abstract 

Tne transient operation of submicrameter floating body SOI 
NMOSFFT& is studied and measured down to a nanosecond 
time scale. We emphasize foe role of the overall bole charge 
hi be body of the device, for a global understanding of toe 
transient phenomena: drain current overshoot or undershoot, 
Memory effect, dynamic instabilifies... This charge integrates 
the device history, with a strongly bias deadest time con- 
stant, and influences the drain Current, mainly by electrostatic 
action. The resulting transient current instability has to be 
considered to avoid anomalous circuit operation. 

Introduction 

There have been several studies examining the transient oper- 
ation of SOI devices. They showed that the propagation delay 
may be dependent on frequency [11 and that a ttam current 
overshoot can exist at low drain voltage [2). Recently, 
SOISPICE simulations have shown the possible existence or 
dynamic floating body Instabilities in partially depleted SOI 
devices [3], but, up to now, no experimental data are available 
in the literature for submicrometer devices* In* this work, we 
report transient measurements on a nanosecond scale in float- 
ing body SOI NMOSFET's, and transient effects analysts by 
2-D numerical simulation with hydrodynamic equations. In 
addition this work is a comprehensive study of the transient 
effects in SOI devices, leading to a general explanation based 
on foe overall majority carrier charge in the body of the 
device. 

Measurements and simulations 

The devices used in this study were partially depleted SOI 
NMOSFET's fabricated on conventional SIMOX material. 
The silicon film thickness, t Si , gate oxide thickness, t^, and 
buried oxide thickness, t ox2 , are 75nm r 5nm and 380nm 
respectively. For an effective channel length of 0.15^ the 
low V D threshold voltage has been adjusted to 0 SV by ion 

implantation. . . 

lb get the transient drain current on a nanosecond time scaie, 
we used the measurement set-up shown in Fig. 1, [4J. The 
gate is continuously pulsed, between a low level. V GLl and a 
high level, V GH , with a rise/fail time of Ins, whereas foe 
drain voltage is monitored on a sampling oscilloscope, 
through a 50 n coaxial load line. The drop of voltage on this 
load gives the drain current 
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Fie 2 shows experimental transient current measured at a 
gate voltage dose to the threshold, on a JUSum effective 
length partially dcfdttrf NMOS^Ts With LDD. 
After the first Ins, which corresponds to the gate rise tome, 
ihcre is a drain current transient resulting from the floating 
body operation, [5]. The strong drain current rise Ume 
dependence on thedrain voltageisdoe to the influence of Jie 
drain voltage.on the impact ionization current; the higher 
Y D tt» higher tot impact ionization current and the faster 



ihe'body steady state is achieved. 
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Simulations with FIELDAY II [61, on a similar device, are in 
agreement with these measurements»(Fig.3). Increasing Vqh 
to IV reduces the drain current rise time, but it is still in the ns 
range. ioo 

to 




£0 



0 10 12 
TIME(M) 

Fig. 3. Simulated teantteiU. variation of Id. f« different V D . V G h pulsed m 
60ps, V^rsOY, Vati=Q.6V. U^^fim, l^i=5mn. t^==40thuu, ^lOOjnn, 

The gate pulse measurement technique is (hoi used to get the 
complete I D (V D ) characteristics at different time delays after 
the gate voltage rising. Experiments and 2-D simulations on 
similar device are shown Fig,4 and 5 respectively. There is a 
cLear kink dependence on the timing, Such that a circuit per- 
formance dependence on timing is expected. At high V D and 
for Vg<1 V, the drain current is increasing with the delay after 
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the gate pulse. Indeed, the' kink in transient regime is the 
Closer to the kink in DC as the impact ionization current has 
sufficient tune to charge the body. At low drain voltage, the 
transient current is higher than the DC Current. This overshoot 
results from a redistribution of the hole charge in the body by 
capacidve influence of the gate, which induces a forward body 
biasing and reduces [2], At high gate and drain voltages, 
, Rg>4 shows that the transient saturation current is higher than 
the DC current, TCiis is due to the absence of self-heating a 
short period of time after the gate voltage rising. In addition, 
the kink effect is more or less balanced by the gate to body 
coupling, Ul 35ns later, a small drop of current, correspond- 
ing to the beginning of the self-heating is observed. 

Role of the body charge 

Because of the global electrical neutrality of the device, there 
is an electrostatic influence of the overall hole charge in the 
floating body, Q,, on the threshold voltage and consequently 
on Ip. Fig-6 and 7 show the DC variation, vs. V D and V 0 , of 
this hole charge integrated over the body, A wide range of 
variation of Q h is observed, from an absolute minimum, when 
the gate and the drain contribute to the depletion of the body, 
to a large value, when the contribution of the impact ioniza- 
tion is maximum. As a general rule, it can be inferred that the 
transient response of a device is a function of the difference 
between the final and initial body charges (mainly for the 
magnitude) and of the hole generation or recombination pro- 
cess (mainly for the time constant). 




irica of a 2S\Xm wide N-MOSflST. I D is measured at diffweal delays after 
each gate pulife. Gate puhes of 39n* are applied from Vdjo-O-JV The period 
is l™. The drop of current mi high V D and V c , for uwewing delays, i* duo to 
tf» self-heating. 1^=0.15^ t^cSnm. i$= 75ntn, t^^SOnm. 
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For instance* increasing V Q from OV to 0.5V, for V D =2V, 
leads to a transient lack of body charge (Fig, 6), which 
explains the transient I D undershoot shown in Fig, 2, On the 
contrary, increasing V 0 from OV to 1 V, for Vp=0.5V f leads to 
a transient excess of body charge (Fig. 6). which results in the 
I D overshoot observed in Pig. 5. Many different cases can be 
explained in this way* 

The real physical variable to characterize the internal state of a 
floating body device is the overall charge not the body 
voltage. The reason is that Qh is less sensitive to the external 
biasing variation during a fast transient (with the exception of 
a strong body-source forward biasing). On the contrary, V B is 
a quasi instantaneous function of this external biasing; its 
value changes through the capacitive coupling with source, 
drain, gate and bulk, which induces a hole charge redistribu- 
tion in the body. This difference of behavior, between Q h and 
V B , is exemplified in Fig. 8, which shows their time variations 
in a NMOS during a mimic of several switching operations, 
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strong drain field. In that case, at the *t)N" state, V G =V DD 
and low V D , there is a lower amount of hole charge, that does 
not change for several jis after a device switching from "ON" 
state to ''OFF 1 state. Consequently, this initial condition must 
be considered for worst case analysis of **0PF H to "ON** 
switching ofNMOSFEFs, It can be approximated by a DC 
biasing at the "OFF state, but with a small negative gate volt- 
age instead of V G =OV (Fig. 7 shows that a minimum of 
exists for a lightly negative gate voltage). Hie role of this low 
hole charge initial condition is exemplified in Fig. 9, where 
transient output characteristics- have been measured Ins after 
fast gate pulses: the lower case results in a lower I^. More- 
over, in the I D -V D curve with V GL =-0.2V and V GH =0.5V, 
there is a jump in I D to the Vql=OV curve, at Vry-2.4V; This 
original feature is correlated to the existence of a switching 
and hysteresis in the gate voltage characteristics (Fig- 10), tak- 
ing into account the initial drain voltage value, before the drop 
in the 50n load. 

For the previous transient I& measurements, the t^lms 
value between the gate pulses is sufficient to recombine the 
excess of hole in the body, due to the impact ionization at high 
V D . However, using a lower t^f, this excess of hole is not 
fully discharged, which increases Qk at the beginning of the 
gate pulses and the measured I D . We infer that in a real circuit, 
the drain current will be modulated by the device history. 



Fig. 8- 245 simulations of several successive witching of * parliilly depleted 
N-MOSFBT, The gate and drain bitting waveforms mimic ihc real wave- 
forms in a chain of inverters. The body self biasing is plotted ia solid lioc The 
Integrated hola charge ip Olo body is plowed hi dashed tiito, LfQ2\im, 
W^om* lo^OOom, t^plOOnm, N A H,5xlO"cm'\ The hole body charge 
only increase? during the "OFF' to "ON" switching, up la the bdwice wilh 
recombination. Dming all (he witching* there is * f«t redistribution o£ the 
exiting hoi* body charge vaulting In ft dynamic change of the- body voltage 
udofV-fi 

There is a low initial hole charge in the body.'because of the 
initial DC biasing condition V D =OV, V G =2V. Qh only signifi- 
cantly increases during the short periods of impact ionization 
current, such that several switching are required to achieve a 
steady-state regime for which the gain of hole through impact 
ionization is balanced by the 105$ through injection in the 
source and recombination. 

Circuits implications 

As a first consequence of the previous considerations, for tran- 
sient operation, the worst case initial condition for drivabilily 
(best case for toe leakage) is a minimum of Q^. For our low 
V T SOI device* this does not occur at the "OFF" state, V G =OV 
and Vu=V DD >1V, when there is a non negligeable impaa 
ionization current induced by the drain leakage current and the 
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fig. 0, Transient output characieritfics, for condiUons minimizing iho initial 

holfe body charge. « W S h V D < 5ol3d liac *>- " 1 a * hi * cr inflirf ^ 
(duhed lines). The currant is measured Ins after thenrinff of 4ns gate pulsw. 
L ef( =0*l5nm. 




Fig, 10. Measured static subthreshold I-V characteristics of » 25m wide N- 
MOSFET. 5|im. For V^^V, there is a iwiiching mechanism which 

induces an hysteresis cycle. 
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The influence of this Initial body charge on the speed of circuit 
is studied by the discharge of a capacitive load in a transistor, 
this simple structure being equivalent to half an inverter. 
Fig, 11 shows the discharge waveforms for different initial 
conditions. The transient variation of the body voltage (split 
of quasi fermi potentials) is also represented. As a conse- 
quence of the propagation delay dependence on the initial 
body condition, i.e> on the device history, a jitter could be 
induced on the signals In SOI circuits. Moreover, the propaga- 
tion delay being directly related to the saturation current, the 
sensitivity to the initial body charge can. be obtained from the 
lD*a(Qh) curve (Rg.12). 
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Fig, 11 Simulated viriatfon of the leakage drain current at V<p0V F V^=2V, 
v*. the hole body prcch&rging, for two different uniform body doping. Square* 
correspond to DC regimes, L^^JUn, t^^nm, 1^=400 nm, i^-100nnv 



Th& influence of the hole body charge on the drain leal™ ■ 
given in Fig. 13, . ^^^geis 

"Ming into account the Qh dependence on the device histrm, 
is crucial for the right oprntion of analog circuits, As 
example, we report the. observed anomalous operation n/* 
SRAM, sense amplifier, which was designed for a bulk tech 3 
nology then used on SOI (5], resulting in a measured transient 
rerarn to "0" of the output (glitch), when reading two succes- 
sive "1". After an address transition detection, a pulse is gen- 
erated to short-circuit (he differential inputs (bit lines) of the 
sense amplifier, in order to speed up the sensing and avoid q 
race phenomenon during the row and column decoding. Nor* 
mally, the output of the sense does not Change during this 
operation. However, the change of NMOS biasing in (he sense 
amplifier, results in small Id overshoot and undershoot which 
are amplified along the different stages, leading to a glitch on 
the output. Using body-lied-to-source for the NMOS in the 
sense removed the glitch, so confirming the previous exists 
ence of the floating memory effect. 

Summary 

In summary, we emphasized and clarified the role of initial 
and final hole body charge s on t he transient operation of par- 
tially depleted SOI NMOSFET& 2-D numerical simulations 
showed that this charge, 0^ is strongly related to the history 
of the device, integrating the action of recombination and 
thermal and impact ionization generation mechanisms. The 
maximum magnitude of a transient effect, overshoot or under- 
shoot, is directly related to the deviation of from the initial 
value to the final value. We also showed that during a transient 
operation, the body voltage results from a redistribution of the 
available hole body charge (through gate and drain capacitive 
coupling to the body), as a function of the instant biasing. In 
agreement, 2-D simulations and transient measurements, on a 
nanosecond scale, showed that the drain current time constant 
is strongly dependent on the device biasing. Further, we gave 
direct experimental proof of the existence of memory effect in 
device operation, Trie dynamic operation of floating body 
devices is fully explained and must be taken into account for 
accurate circuit simulation. 
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A Physical Charge-Based Model for Non-Fully 
Depleted SOI MOSFET s and Its Use in Assessing 
. Floating-Body Effects in SOI CMOS Circuits 
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Abstract — A new model for the non-fully depleted (NFD) SOI 
MOSFET is developed and used to study floating-body effects 
In SOI CMOS circuits. The charge-based model Is physical, yet 
compact and thus suitable for device/circuit simulation* Verified 
by numerical device simulations and test-device measurements, 
and Implemented In <SOl)SPfcCE, It reliably predicts floating* 
body effects resulting from free-carrier charging in the NFD/SOI 
MOSFET, {including the purportedly beneficial supra-ideal sub- 
threshold slope due to impact ionization and a saturation current 
enhancement due to thermal generation. SOISPICE CMOS cir- 
cuit simulations reveal that the former effect Is not beneficial 
and could be detrimental, but the latter effect can tte beneficial, 
especially in low-voltage applications, when accompanied by 
a dynamic floating-body tiffcct that effectively reduces static 
power* The dynamic floating»body effects are hysteretic, however, 
and hence exploitation of the beneficial ones will necessitate 
device/circuit design scrutiny aided by physical models such as. 
the one presented herein. 



I. Introduction 

FULLY depleted (FD) SOI MOSFBTs have drawn much 
attention for CMOS IC applications because of their 
performance advantages which include enhanced current, ideal 
subthreshold slope, and reduced short-channel effect (1]. These 
advantages* over non-fully depleted (NFD) SOI and bulk-Si 
MOSFBTs, tend to fade, however, as the channel length is 
scaled to deep-submicrometer values; the current enhancement 
is limited 'by velocity saturation [2] and the subthreshold slope 
is degraded by source/drain charge sharing [3], which underlies 
the short-channel effect- Furthermore, acceptable threshold 
voltage dictates higher body doping for the ED technology, and 
thus thinner SOI films, to maintain full depletion of the body, 
which require tighter control of the material production as 
well as the device processing. Consequently, there is growing 
interest in the NFD (or partially depleted) SOI technology 
in which an acceptable threshold voltage can be readily 
achieved. Also because of the thicker SOI film, NFD design 
allows vertical doping engineering [4] and/or halo implantation 
(DI-LDD) [5], which have been incorporated in scaled bulk 
technology for control of the short-channel effect. 
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For design in SOI CMOS, there is a tendency to use bulk- 
Si MOSFET models, empirically modified to apply to the 
SOI device, be it NFD or FD- The reliability of such models, 
however, is questionable because of unique SOI effects that 
can be significant For example, capacitance associated with 
the underlying Si02 can be important if the oxide is scaled, 
and floating-body effects due to (dc or transient) free-carrier 
charging can influence, or even control (6], [7] the device 
performance. Floating-body effects in the NFD technology are 
most prevalent because of the dependence of threshold voltage 
on body voltage (which is insignificant in the FD technology 
[1]). These effects can be detrimental or beneficial, and hence 
must be inhibited or should be exploited in optima] design 
of the NFD technology. However, the device--peTformance 
merits do not translate into circuit-performance enhancements 
in a. straightforward manner, and hence the assessment of the 
floating-body effects roust be done comprehensively at the 
circuit as well as the device levels. 

A compact physical model for the NFD/SOI MOSFBT is 
thus needed. In this paper, we present such a model, and use it, 
implemented in SOISPICE |7], to give insight regarding opti- 
mal device/circuit design of the NFD technology. In particular, 
we show how floating-body effects produce the supra-ideal 
subthreshold slope and an enhanced saturation current in actual 
devices and how they can influence dynamic performance and 
static power in CMOS circuits, and we discuss whether they 
should be inhibited or exploited in optimal SOI design- 



IL Model formalism 
Fig 1 shows a schematic cross section of a typical (n- 
channel) NFD/SOI MOSFET with tightly doped drain/source 
(LDD/LDS) and halo, implant It is a five-terminal device 
when the body is contacted. Floating body is a model option, 
as are the LDD/LDS and halo regions. The intrinsic body 
is assumed to comprise two regions, defined by the vertical 
doping variation and separated by a high-low junction as 
indicated. The low-doped region is assumed to be fully 
depleted when the channel is formed while the high-doped 
region (N H ) is assumed to remain neutral. These model 
assumptions pertaining to the doping are representative of the 
body structure that results from vertical doping engineering, 
for control of the short-channel effect and prevention of bacic- 
channel turn-on- 
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Fig. 1. Representative cross-sectional view of the general NED/SOI MOS- 
FET structure, including LDD/Lt)S add halo (p+ under LDD/LDS} regions. 

The high-low junction in the NFD body effectively confines 
Che depletion region under the front gate, and the underlying 
quasi-neutral region decouples the back gate electrically. Thus 
the electrical properties of the channel region in the NFD 
device mimic the TEA/SOI (thin-film-accumulated) condition 
[8] in which accumulated holes at the back interface prevent 
the back gate from electrically interfering with the channel. 
Fig. 2 illustrates the similarities in electrical properties of the 
rtFD and TFA devices. If the high-low junction were ideal 
(i.e. t infinite N&\ the charge condition in the NFD device 
would be identical to that of a TFA device,, with the back 
surface potential (tf^) pinned at the body-source voltage 
Vb5- Consistent with the model assumptions, wc define an 
effective film thickness (£5), which is (approximately) the 
high-low junction depth or the maximum depletion-region 
width in strong inversion, and use the TFA formalism [8] as 
the basis for the NFD model The TFA short-channel-current 
(Icm) analysis is expanded to account for weak- and moderate- 
inversion conditions, lb completely characterize the physical 
properties of the NFD/SOI MOSFET, impact-ionizatkm cur- 
rent (la), parasitic-BJT current (7t)i recombination current 
(Jit), thermal-generation current (lot) also included 
in the model, and terminal charging currents are defined to 
simulate the charge dynamics. Tbe generation/recombination 
currents and. the body charging current are crucial for proper 
accounting of the floating-body effects on channel current. 

To facilitate the model development, we separately char- 
acterize the intrinsic region under the gate and .the optional 
extrinsic regions (LDD/LDS, halo), linking the regional so- 
lutions as reflected by the equivalent circuit of Fig. 3. The 
accounting for the halo region is done by defining an effective 
(higher) N D which yields a higher threshold voltage. The 
LDD/LDS analyses define the voltage drops across the LDD 



Kb- 



N j 



(Oxide) 



(Oxide) 



00 



LEI 




(b) 





(c) 

Fig. 2. Comparison between TFA/SOI [&] and NFD/SOI MOSFKTs show- 
ing similar electrical properties. 



and LDS. The ohmic portion of these drops is simply modeled 
by a lumped resistance added to the parasitic series resistance 
in the source and drain, while a possible nonohmic component 
for the LDD, due to high electric field and concomitant 
depletion, is accounted for physically. This voltage drop, 
.denoted as Vldd in Fig. 3 t is subject to the analysis of 
the channel. Hius an iterative solution scheme is adopted. 
The solution defines quasi-static terminal charges, as well as 
the mentioned currents, Which are used to characterize the 
charging/discharging currents. 

A. Channel Current (Iqh) 

The channel current is derived from the characterization 
of the charges under the front gate. The derivation can be 
facilitated by considering two distinctive conditions in which 
either drift or diffusion dominates the conduction mechanism, 
i.e., by assuming strong or weak inversion. The moderate- 
inversion characteristics are represented by connecting these 
two regions via cubic-spline interpolation [9]. The boundaries 
of the moderate-inversion region are physically defined by 
the dependence of the channel charge Q Q on the front-gate 
bias V G f S} following HO], This dependence is derived by first 
applying Gauss's law to the front-gate structure for Vps = 
0 [8]: 
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where V Tff is the thermal voltage (kT/g) and £ t/0 i s fo e 
(transverse) electric field at the surface. In weak inversion, the 
surface field is defined by the depletion approximation [12]: 



Fig. 3. Network representation of the NFD/SOI MOSFET model. 

where *#/o is surface potential, Vfb is the flat-band 
voltage, C 0 / is the oxide capacitance defined as (f^/Wi and 
a is where C t k defined as e^/h; <?b(effi is ^ 

depletion charge associated with the ftont gate, which is set 
to Qb ca g^B«5 is the weak-inversion formalism, but is less 
than Q b due to (V 55 -dependent) spurce/drain charge sharing 
in the strong-inversion analysis. 
Differentiating (1) with respect to Vers* vve get 



(2) 



where d = d\Qc\fd9 9l Q. As noted in [10], the lower 
boundary of strong inversion is determined by the constancy 
of d\Q c \dV G js and the upper boundary of weak inversion by 
the constancy of d(ln \Qs\)/<NQfS< With (2), wo can express 
these derivatives as 



dV GfS <7„/ + + 



(3) 



and 



(6) 



In strong inversion, the channel charge affects the field, 
which is obtained from Poisson's equation, 



(7) 



Integrating (7) over the predominant inversion layer, from 
<p _ ^ >/0 to $ — 2fo> describes the surface field as 



(8) 



where JS*(2^) S 'V<t>P -Vast)/* *- ^t(eff)/ 2 ^ [12] and 

Substituting (6) and (8) into (4) and (3), respectively, 
with the aforementioned criteria, we obtain the (Vbs - 0) 
moderate-inversion boundaries as 



(9) 



and 



(10) 



dVfa/s " + C b + Ci \\Qc\J 

In (3) and (4), C { is the only capacitance that varies wilh 
bias. Thus we define the moderate-inversion boundaries as 
the values of V a /s where C< - 10(C o / + O b ) in (3) and 
d » (C fl/ + C 5 )/i00 in (4), respectively. These conditions 
can be translated to terms of surface potential and gate bias 
if we express C t as [I I] 



where is *e upper limit of weak inversion and V sf $ 

is the lower limit of strong inversion. Note that £*/o in (6) 
and (8) is dependent on * #/0 ? therefore a few iterations are 
required to calculate V,fw and in (9) and (10). 

Due to DlBL and DICE (drain-induced barrier lowering 
and charge enhancement) [8] in short-channel devices, the 
surface potential and the channel charge are modulated b) 
the drain bias, and thus- the boundaries that separate strong 
and weak inversion can also depend on V DS . While DIBL 
directly increases the surface potential in weak inversion b) 
e-n*6/«?o/(l + o> where t? = 2V D3 ft? [$), DICE gives rise 
to increased channel charge under the gate in strong inversion 
These effects result in rigid shifts of the values of Vq /s tha 
'correspond to (9) and (10). These values, with DIBL aw 
DICE, are defined from (1), (9), and (10): 

and 

<?6(eff) 

Vts = V F3 + (1 + a)¥,/s - -207 



(12 



(5) 



Q e is neglected in (1 1) because of weak inversion, and in (12 
it is calculated by Gauss's law using (8). 

When Vb/s is greater than V T $, the channel current is ca.' 
culated by the strong-invercion model, which closely follow 
the TFA formalism in (8)- Hie inversion charge is calculate 
including the short-channel effects such as DICE and charg 



PAGE 30/76 1 RCVD AT 12119/2007 3:53:33 PM [Eastern Standard Time] ' SVR:USPTO-EFXRF-6/43 ' DNIS:2738300 ' CSID:202 293 6229 » DURATION (mm-ss}:24-06 



DEC. 19. 2007 4:04PM C8L&H 202 293 6229 

SUH AND FOSSUM: PHYSICAL CHARGE-BASED MODEL FOR ffUN-HJLLY UbPLETED SOI MOSFETS 



NO. 4004^P. 



sharing, which relates to Qb* Field-dependent mo- 

bility and velocity saturation are also included; the mobility 
degradation is due to not only the transverse field but also 
(he longitudinal field. Channel-length modulation is accounted 
for by the application of Gauss's law to tbfc two-dimensional 
high-field region near the drain. Tills characterization gives a 
physically defined electric field which is also important for 
modeling the impact-ionization current. 

In weak inversion where V G /s < V T w* channel current 
is predominantly diffusion [11]: 



(13) 



where Tt n is an average channel mobility subject to mobility 
degradation in the channel, and 



TH 



where V{y) la the quasi-Feimi level separation at y due to 
Vps- Integrating (13) along ,the channel gives the expression 
for the channel current in terms of Q c (y) in (14), in which V Bf 
is nearly constant [11). For short-channel devices, however, the 
surface potential is modulated along y because of the source 
and drain junctions in the, two-dimensional structure. This 
modulation is difficult to distinguish from the charge-sharing 
effect; but it can be effectively modeled as channel-length 
modulation in weak inversion [13]. Thus we assume that 
(13) and (14), with constant & 0fi are applicable only in a 
centra] portion of (he channel (y, < y < L - y^), the length 
(L A ££ L - 2yd) of which is [13J 

r.2 



(I) 



(15) 



boundary are calculated from the respective formalisms. The 
derivative in weak inversion is analytically evaluated, while 
in strong inversion it is numerically determined. The splmt 
is applied to the logarithm of the current in the moderate- 
inversion region: 

In (Jch) = °o + ctitVGfs - Vrw) + <**{Vgjs - V T w) 2 

+o>3(V Gf s ^ V TW f (19) 

where the a's are given in terms of the boundary values of 
ln(lcu) and dln(/ C K)/^C7/5. 

B. LOB Analysis (Vldd) 

More rigorous LDD analysis is done when a nonohmic 
voltage drop, V LDD , develops across the LDD Ul Hus 
drop is calculated based on results of the channel analysis, 
i.e., the channel current and the maximum electric field. 
The channel analysis is in turn dependent on this drop via 
diminished intrinsic drain bias (V n s -* Vbs - Vldd). Hence 
an iterative numerical method is adopted to physically link 
the two analyses. 

C Impact-ionization Current {Iai) 

Impact-ionization current is characterized by evaluating the 
multiplication factor, (M- 1), in the high-field region near the 
drain. Only weak iropact ionization (Af.S 1) is relevant (for 
example to model the BJT-induced breakdown [14)); thus the 
characterization is done as a post-processing after the channel 
analysis- The mUltipUcation factor is calculated by integrating 
the irnpact-ionization rate over the high-field region, including 
the high-field portion of the channel and the LDD: 



5" 




where i c , defined to [8], is structure-dependent. Now integrat- 
ing (13) from y = y t to y - L~y d yields 

(16) 

The total surface potential in (16) is = #j/d + A**/ 
Where DIBL causes A*,/ = titwfWofQ + a) [83; *j/o is 
given by (1) with Q c ^ 0: 

*>»=Tk[ Vo ' s ~ VFB+ &f +aVBS \ (17> 

The transverse field in (16) is defined as E sf = E^jq + Al?,/ 
where B*f 0 is given by (6) and AJE7 r/) resulting from DIBL, 
is expressed as [81 



(18) 



The linking of the strong- and weak-inversion current char- 
acterizations is done via cubic-spline interpolation [9) across 
the moderate-inversion region. The moderate-inversion bound- 
aries defined previously are physical, and hence continuity of 
the channel current and rransconductancc is ensured. To define 
the cubic spline, the current and transconductance at each 



{M 



em) 



Cco ex P 



where oo and 0o are empirical impact-ionization coefficients 
(constants). The first integral of (20) is evaluated following [8] 
with y d defined by channel-length modulation, and the second 
one is calculated using the electric field from the LDD analysis 
[fj: Then the total generation current due to impact ionization 
is given as 



la = (M - 1)(/ch + It) 



(21) 



where It is the BJT current. 



D. Parasitic-BJT Transport Current (It) 

The parasitic (lateral)- BJT in the MOStfET structure is 
modeled to account for the Joss of gate control it can cause 
[14]. The injection condition at the source-body junction in 
the upper depiction region of the NPD device is like that of 
the FD device [7]. but is different in the underlying neutral 
region where we assume low-injection conditions. The BJT 
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transport cunent is hence modeled as comprising components 
in both the depleted body and the neutral body: 

(V BS 



Ir*WJ Da exp 



+ WJ\o exp 



(22) 



where Jdo and J so are siruccure-dependent constants that can 
be evaluated via integral charge^control analyses [11] in the 
relevant body regions. When there is a halo region (Le., p + 
region under LDS in Fig. I), the minority-carrier injection into 
the neutral region tends to be suppressed due to the higher 
. doping density, and thus the second component in (22) is 
reduced accordingly. 

£. Recombination Current (Ir) 

The recombination current in the FD device occurs predom- 
inantly in the quasi-neutral source region because of carrier 
separation due to the transverse field in the body [IS]. This is 
not the case in the NFD device, however, due to the neutral 
region in the body. Thus the pertinent recombination current 
associated with the source-body junction is modeled generally 
as [11] 

where Jno ls a structure-dependent constant dependent on 
recombination lifetime and m (> l) is a nonideality factor, 
the second component in (23) represents the source-region 
recombination, and physically limits Vbs- 

F* Thermal Generation Current (fat) 

Hie thermal generation leakage current associated with the 
drain-body junction is assumed to derive from the depletion 
region in the body [11]: 

*- e W--(fc)] 

where ro is the generation lifetime. 



(24) 



G. Charge Modeling 

The terminal charges Qg/i Qd, and Qs are described 
following [8], and Q ab follows from Gauss's law applied to 
the back-gate structure. Then charge neutrality of the device 
defines 

Qs + Qd + Qgj + Qab + Qb + + Q/b - 0 (25) 

where Q/f and Q /& are front and back fixed interface charges, 
respectively. The terminal charging/discharging currents are 
characterized using the quasi-static approximation: 

^i^ T ^L^L (26) 

.where i = $, D, Gf, Gb* B and j = DS* GfS* GbS, 
BS, Note that (26) defines nonreciprocal capacitances and 
transcapaci lances that physically reflect the charge dynamics 
of the five-terminal device. 




2.0 3.0 

Kg. 4. Model- (curves) and MEDlCI-prcdicicd Ip — Vbs characteristic* for 
an L = 0.5 /ira n-chwmd NFD/SOI MOSFET; V GfS « 15 V, Vbs - 0. 



III. vbrification/Dbmonstration 

We implemented the new model in SOISPICE [7], ex- 
panding it for use in NFD/SOI as well as FDfSOf: CMOS 
.technologies. The network representation of the implemented 
model is shown in Fig. 3. The lumped resistances Hlds and 
Rldd account for the ohmic voltage drops in the LDDALDS 
regions, if these regions are part of the device structure. 
The element Vldd represents the non-ohmic portion of the 
LDD voltage drop. Since it depends on the channel analy- 
sis, it necessitates an iterative Newton-like solution in the ' 
model algorithm as noted in Section IL The body node is 
optional, When it is not specified on the device line, the 
model formalism floats the body and implicitly accounts for 
alt floating-body effects. Underlying this accounting is nonzero 
Vbs> wnich is implied by the nodal equation Ir = lai + tat 
in dc simulations but is influenced by dQ&fdt is transient 
simulations as indicated in Fig, 3. 

lb get prelirninary support for the model and to confirm 
its predictive capabilities, we compared results of SOISPICE 
device simulations with those of MEDICI [16] t a numerical 
two-dimensional device simulator. In contrast to empirical 
SPICE models, our NFD/SOI MOSFBT model is physical and 
its parameters are .structure-dependent, including* for example, 
oxide thicknesses and regional dimensions and doping densi- 
ties indicated in Fig, I. The parameters thus can be effectively 
defined from the device structure and physical models, e,g., 
mobility versus doping, used by MEDICI; no rigorous param- 
eter extraction/optimization is needed. For example, was the 
actual depth of the (abrupt) high-low junction Specified for 
the MEDICI simulations. A wide variety of device structures, 
with channel lengths ranging down to 0.2 /im, were simulated 
successfully. The SOISPICE- and MEDlCI-predicted current- 
voltage characteristics plotted in Figs. 4 and 5, for n-channel 
devices with thtTbody terminal shorted to the source terminal, 
exemplify the model verification and demonstration. The pre- 
dicted Ip - V DS characteristics for an L = 0,5 device in 
Fig. 4 are in good agreement for all Vafs above threshold. The 
predicted subthreshold Id - VcfS characteristics in Fig, 5 for 
varying gate oxide thickness (t 0 f) and effective film thickness 
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V Grs (V) 

Fig. 5. Model- (curves) a«l MBDld-prediciftcI subthreshold Jo — Vq/s 
characteristics for an L = 0,8-/ini n -channel NFD/SOI MOSFET for Varying 
(a) C 0 y ami (b) « t : Vbs = 0.1 V, V B s » 0. 

(fe) in an £ ~ 0.8 — device show excellent agreement 
as well. 

For additional verification, we compared model predictions 
with measured data taken from test devices of two different 
NFD/SOI technologies, each having a wide range of channel 
lengths, Again the model parameters were determined hi large 
part using device structural information, but some minor tuning 
was done because the available information was incomplete. 
For example, t h was tuned, based on (16) and (17), to be 
in accord with the measured subthreshold slope at low Vz>g. 
The values thereby derived were nearly equal to the calculated 
maximum depletion widths for the doping profiles provided, 
which is consistent with the model assumptions. 
• In the first technology, the devices were fabricated on 
5IMOX wafers having a 400-nm buried oxide and a 300- 
nm silicon film, with LDD/LDS and halo implants. The gate 
Oxide is 20-nm thick, and the gate, is n+ polysilicon. The 
devices have external body contacts, so both floating-body 
and body-tied (to source) characteristics could be measured. 
Results of the model application to this technology are ex- 
emplified in Fig. 6 where measured and predicted I D - V D s 




VqsCV) . 

(b) 

Fi£. 6. Measured (point*) and model-predicted 1q — Vds characteristics 
for a WfL = 2.4-/im/0.6^m ihctranuel NFD/SOI MOSFET with LDD/LDS 
and halo, with («) body tied aod (b) body flwKtofi; Vb/s = 1-5 V, 

characteristics of an n-channel device with anaffective channel, 
length of 0.6 pan are plotted The SOISPICE predictions 
. for both tied-body and . floating-body cases, done with a 
single set of model parameters, are generally good. The 
discernible floating-body effects,, i.e., the premature break- 
down, the saturation-current kink, and a low-V^s current 
enhancement* are modeled well. The latter effect has not 
been acknowledged well in previous work, but it is indeed 
significant. For example, at Va/s *= 2 V and V DS less than 
the kink onset voltage, the enhancement is approximately 20%; 
it is higher for lower V G js< Note that there is evidence of 
premature breakdown even in the tied-body characteristics; 
this is due to the finite body resistance in the body-source tie, 
which supports a nonzero V BS when impact-ionization current 
is injected into the body [17]. 

In the second technology, the devices were more aggres- 
sively scaled. They were fabricated on SOI substrates hav- 
ing 360-nm buried oxide and 75-nm silicon film* without 
LDD/LDS or halo. The gate oxide thickness is 5 nm, and 
there is no body tie. The model application to this technology 
is exemplified by the measured and simulated current-voltage 
characteristics in Fig. 7 for a floating-body n-channel device 
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with an effective channel length of 0.2 /im. The It> - Vbs 
characteristics in Fig. 7(a) show good agreement, although 
some discrepancy is obvious at high Id v ds, as it is 
in Fig. 6 to a lesser extent. These discrepancies are attributed 
to self-heating in the SOI MOSFET under dc bias producing 
substantive power dissipation [18J, which is not accounted for 
in the model. As implied by the figures, the primary effect 
of self-heating in these devices is an amelioration of impact 
ionization: the current kink is reduced and the breakdown 
voltage is increased. The same floating-body effects noted 
in F|g, 6(b) are obvious in Fjg. 7(a). Trie subthreshold Id - 
Vofs characteristics in Fig. 7(b), which also show very good 
agreement, however* reveal another floating-body effect at 
high V&s' the increased slope (supra-ideal 5 = 44 raV) 
reflects a subthreshold kink. 

IV. Floating-Body Effects 

The dc floating-body effects revealed in Figs. 6 and 7 (pre- 
mature breakdown, saturation-region and subthreshold kinks, 
and low-Vbs current enhancement) are modeled Well by 
SOISPICE, which can thus give physical insight regarding 
their origin in the NFD device. All of the effects are due to 
excess majority-carrier charge in the body, injected via carrier 
generation, which can be removed Only via recombination. 
Finite carrier lifetimes thus define a forward' bias V ps on 
the body-source junction, which drives the mentioned effects. 
The premature breakdown [14], which is equivalent to the off- 
state latch J15]* results when Vbs activates the parasitic BJT 
and when V DS is high enough that the BJT current produces 
significant impact ionization, which in turn injects more charge 
in the body and causes the process to become regenerative. The 
other effects are due to the sensitivity of the NFD threshold 
voltage to Vbs (which is negligible in the FD device). The 
kink effects are driven by impact ionization as well, but 
at values, of Vds too low to cause regeneration, In strong 
inversion, the kink in saturation current results as V&s reaches 
a "diode drop" [15]; in weak inversion the kink is reflected as 
an abnormally high slope, or low gate voltage swing &, defined 
by the increasing V BS [19] ' and not necessarily correlated 
with the activation of the parasitic BJT* TTie low-Vbs current 
enhancement, which occurs prior to the kink, is not well 
known. It is driven by thermal carrier generation. In addition 
to these dc floating-body effects, transient body charging can 
cause a current overshoot [20] defined by V$g(fy > 0 and an 
<f undershoor defined by Ves(£) < 0, both of which reflect 
dynamic threshold voltages. 

In a viable NFD/SOI CMOS technology, all of the fioating- 
body effects must be recognized, and either inhibited or ex- 
ploited pragmatically. Obviously the BJT-induced breakdown 
is detrimental and must be controlled; the potential benefit 
afforded by the supplemental BJT current drive in digital 
applications is small and is preempted by the associated loss 
of gate control [7J. However, the effects due to Ves-defined 
threshold voltage could possibly be exploited pragmatically 
to benefit performance. The reliable device/circuit simulation 
capability afforded by SOlSFICE with our NFD/SOI MOSFET 
model can be used to check this exploitation of the floating- 
body effects. 
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Fig. 7. Measured (points) and modcl-predieusd (a) *b - Vds aad (b) 
Id - Vc/S characteristics for a W/L = \0-iim/02^u\ n-chamfcl NFP/SO 
MOSFET with floating body. In (a) Vq/$ = GL5-2^ V; in (b) V D s = 0.1, 
2.0 V. 



Exploitation of the kink effects is risky since they are 
driven by impact ionization, which also drives the parasitic 
BJT and the ultimate loss of gate control. It is obvious from 
Figs. 6(b) and 7(a) that attempting to design for a supply 
voltage above the saturation-current kink but below breakdown 
is nonsensical. However, it is not so obvious that designing to 
exploit the subthreshold kink (Fig. 7{b)) is impractical. Very 
low $, much lower thau the ideal 60 mV, is possible [19]. 
If such a low S could be achieved m a viable design, then 
possibly the threshold voltage could be reduced to get higher 
current drive and faster speeds, without threatening off-state 
(Va/s = 0) current and standby-power restrictions [6J. 

Insight from our model suggests that S < 60 mV can be 
achieved by controlling the Ih( v bs) dependence in (23). From 
(16) and (17), we can approximate the gate voltage swing as 



( dlogI D y\ 
\ dV CfS J 



So 



(27) 
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Fig. 8. Model-predicted subthreshold I D - Vq fs cJfcMctcristic* for varying 
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S«ptfy , VgItIgDCV) 

Fig. 9. SOISPICE-piedicted gain propagation delays versus supply voltage 
for floating (•) and ri«* (■) bodies; L = 0,2 fivK Tho delays were derived 
from unloaded tfarro^stage NFD/SOI CMOS inverter-chain simulAiions. Also 
shown is the predicted relative e peed improvement (4) afforded by die floating 
body. 



where S 0 = ^th(1 + a} In (10), which is the normal value of 
5 when V BS = 0. (Note that or > 0 defines S Q > 60 mV for 
the NFD/SOI MOSFET.) The reduction of 5 in the floating- 
body device (at high Vbs) is characterized by the derivative 
in the denominator of (27); which is defined by I H and the 
impact-ionization current I Gi in this case. Since I H & I Gi 
(M - 1)/ch, (27) with (23) yields 



S^S 0 - mocV TU Zn(10). 



(28) 



Note from (28) that when the nonideality factor m f or I R is 
unity, S = ^^(10) = 60 mV. Thus only when m > 1 
can 5 be less than the ideal value. Such is the case in typical 
NFD/SOI MOSEEFS as evidenced in Kg. 7(b). In essence, a 
higher m defines a higher V BS for a given and hence a 
more significant subthreshold kink. This dependence on m is 
illustrated in Kg. 8 where SOISPICB-simulated subthreshold 
characteristics for varying m are shown. Note that for m = 2, 
el physical upper limit, & is .extremely low, but the off-state 
current is very high. 

The high off-stare current is a problem, but does the 
abnormally low 5 actually imply a speed benefit? No, accord- 
ing to SOlSPICE circuit simulations. Predicted propagation 
Mays taken from simulations of CMOS inverter chains using 
afferent values of m in the I R model, compared with delays 
predicted when the impact ionization was turned off, show that 
he subthreshold kink F irrespective of mas well as the load 
ind the supply voltage V DD} -yields no speed improvement. 
Phis result is attributed to the dynamic nature of the inverter 
ireuit. Hie added drive current afforded by the kink, that 
s, by the J Gl -driven threshold reduction, is significant only 
or high V DS and low V ajs . Pbr V nD larger than the kink 
<nset voltage, these voltage conditions are not simultaneously 
tevatent during most of the switching time; for lower V DDl 
tere is no kink effect We conclude then that the kink is not 
eneficial, and in fact is detrimental with regard to off-state 
urrent as evidenced in Fig. 8. It must be suppressed, which 
i compatible with inhibiting the BJT-induced loss of gate 
>ntrol, e 



The tow-Vos current enhancement evident as a floating- 
body effect in Fig. 6 is driven by thermal generation current 
(-fct)* For dc conditions at low V D $ (where impact ionization 
is negligible), I R = I Gt defines 



(29) 



Depending on the ratio lot/WJ^ this body bias can reduce 
the device threshold voltage and thereby enhance current. 
Typically, as reflected by Fig. 6 and quantified by additional 
SQISPTCB simulations with floating and tied bodies, V B s in 
(29) can be a few tenths of a volt and can produce a significant 
enhancement in saturation current. For example, for the L = 
0.2 fxm device of Fig, 7, the predicted current enhancement is 
about 50% at Vq/s = V DS = X.O V and about 20% at V 0fS = 
Vp S = 2.0 V, suggesting exploitation of this effect for low- 
voltage CMOS applications. Note that the enhancement could 
be partly due to an intrinsic V BS < 0 in the tied-body device, 
which increases the threshold voltage, because of internal 
ohmic drops in the source region, Nonetheless, the advantage 
. of the floating body in this regard is palpable. 

In transient operation of the device, this current; enhance- 
ment will tend to prevail; a "latent" V B § > 0, driven 
predominantly by I Git as described in (29) when the device 
is turned on, will be sustained for all finite V DSi even though 
the body charging current (dQs/dt in Fig. 3) will tend to 
modulate it This insight is confirmed by the SOISPICE- 
predicted gate propagation delays plotted in Fig. 9 versus sup- 
ply voltage (Vbz>)> The delays were derived from simulations 
of unloaded three-stage CMOS inverter-chain circuits using 
NFD/SOI devices represented in Kg. 7 t in both floating- and 
tied-body configurations. A significant speed improvement due 
to the latent Vbs in the floating-body device is predicted. As 
Vdo is scaled down, the delay increases due to smaller current 
drive, but the relative magnitude of the speed benefit due to the 
latent V B s increases. Thus this particular floating-body effect 
is advantageous for low-voltage CMOS* applications, and its 
benefit will be more pronounced the lower V DD is and the 
higher the (capacitive) loads are. 
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Fig. 10. S OIS PICE-predicted transient currents in the middle stage of the 
three-sfcge NFD/SOI CMOS inverter chain, with floating end tied bodies; 
L = 0.2 fim. Vod — 1*5 V. The physical off-state leakage (channel) 
currents are highlighted; the noisy currents reflect errors associated with the 
integration method used in SPICE. 



However, this speed improvement would seem to imply 
a common design tradeoff because it results from effective 
threshold lowering which would also Increase off-state current 
and hence static power. Fortunately, the transient circuit sim- 
ulations suggest though that this tradeoff is not needed; they 
show that the benefit is not undermined by increased off-state 
Current because of a unique dynamic floating-body effect in the 
NFD/SOI MOSFBT. As indicated by the SOISFICE-predicted 
transient currents in the CMOS inverter chain, plotted in 
Fig, 10 for floating and tied bodies, the dynamic off-state 
current is effectively suppressed when the body is floating. 
The suppression occurs because the fcfOSFET body is partially 
depleted of majority carriers In the on state, and the depletion 
charge in the off state forces V BS {t) < 0 as the carriers 
are recovered. Whereas the time constant associated with this 
recovery in the tied-body device (Le.> the dielectric relaxation 
time) is negligibly short and thus Vbs becomes zero almost 
instantaneously, that for the floating-body device (i.e., a carrier 
generation lifetime) is very long compared with operating 
periods of high-frequency signals in scaled CMOS circuits: 
the depletion charge can only be neutralized by the reverse 
saturation currents of the source/drain-body p-n junctions in 
the floating-body device. Thus V B s < 0 is predominant during 
the off-state period of the floating-body device, and the current 
is suppressed because of the implied higher threshold. The 
static power in the circuit is effectively decreased by this 
current ''undershoot" 

The floating-body effect due to transient body charging 
(20] is the counterpart to the dynamic suppression of off-state 
current. As the MOSFET is switched from off to on, excess 
majority carriers are scored in the body until they recombine. 
The concomitant V BS (t) > 0 lowers the threshold voltage, 
thereby producing a transient drain current overshoot. The 
magnitude of the overshoot depends on how efficiently the 
majority carriers are replenished in the off state by carrier 
generation. As noted above, this replenishment is typically 
not efficient, and hence the overshoot is usually negligible. 



SOISPICE simulations of CMOS inverter circuit us j n g 
resentattve carrier lifetimes to define I R in (23) and I Gt in (24) 
confirm this and predict no significant reduction in propagation 
delay due to the overshoot. 

We caution that dynamic floating-body benefits are hys- 
. teretic; every cycle depends on the history of device dynamics 
as indicated by the difference between the off-state currents in 
Fig. 10 for the floating-body circuit. Hence pragmatic exploita^ 
tton of the beneficial dynamic effects will necessitate circuit 
as well as device design scrutiny and innovation. Furthermore, 
the SOI device self-heating effects [18J in dynamic circuit 
operation will have to be recognized. 

V, SUMMARY 

A physical charge-based model for the NFD/SOI MOSFET 
has been presented The model expands the TEA formalism 
in [8] to account for body doping variations and LDD/LDS 
regions and to characterize, the channel current in weak- and 
moderate-inversion regions. It also includes the generation 
currents due to impact ionization and thermal generation, and 
the parasitic-BJT and recombination currents in the device, 
as well as charge modeling for dynamic simulation. The 
model is implemented in SOISPICE and verified by numerical 
device simulations as well as measured test-device data. The 
model predicts the various floating-body effects reliably since 
it physically characterizes the floating-body Voltage (Le., Vbs) 
both in dc and in transient operations. The floating-body effects 
in NFD/SOI CMOS were investigated using SOISPICE. The 
subthreshold slope can be less than 60 mV In the floating- 
body device depending on the nonideality of the source-body 
junction. Circuit simulations, however, reveal that this kink 
effect does not yield any speed enhancement, but is detrimental 
due to the higher off-state current The "latent" body charging 
and V B s > 0, driven by the thermal generation current, 
lower the threshold of the device and thus increase the current 
drive, improving CMOS speed. The implied increase in the 
off-state current is negated by a transient current undershoot 
due to Vbs(P) < 0, which is supported by charge dynamics. 
The beneficial dynamic floating-body effects, however, are 
hysteretic, and hence tend to produce circuit instabilities. Their 
pragmatic exploitation will require insightful device and circuit 
design, but could underlie significant advantages of SOI over 
bulk-silicon CMOS for low-voltage applications. 
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